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The  principle  objectives  of  this  investigation  are  to  evaluate  the  acoustic  and 
aerodynamic  characteristics  of  fluid  shield  nozzle  concept  and  to  assess  Far  36,  Stage  3 
potential  for  fluid  shield  nozzle  with  Flade  Cycle.  Acoustic  data  for  nine  scale  model 
nozzle  configurations  are  obtained.  The  effects  of  simulated  flight  and  geometric  and 
aerothemiodynamic  flow  variables  on  the  acoustic  behavior  of  the  fluid  shield  are 
determined.  The  acoustic  tests  are  aimed  at  studying  the  effect  of  (1)  shield  thickness, 
(2)  wrap  angle,  (3)  mass  flow  and  velocity  ratios  between  shield  and  core  streams  at 
constant  cycle  specific  thrust  (i.e.,  mixed  velocity),  (4)  porous  plug,  and  (5)  subsonic 
shield.  Shadowgraphs  of  six  nozzle  configurations  are  obtained  to  understand  the  plume 
flow  field  features.  Static  pressure  data  on  suppressor  chutes  in  the  core  stream  (shielded 
and  unshielded)  sides,  and  on  plug  surface  are  acquired  to  determine  the  impact  of  fluid 
shield  on  base  drag  of  the  36-chute  suppressor  nozzle  and  the  thrust  augmentation  due 
to  the  plug,  respectively. 

The  significant  influence  of  fluid  shield  on  acoustics  of  the  nozzle  concept  are  : (a)  mid 
and  high  frequency  noise  reduction,  more  dominantly  in  the  rear  arc,  due  to  shielding 
and  jet  source  strength  reduction  due  to  mean  shear  modification  and  (b)  low  frequency 
noise  amplification  due  to  an  elongation  of  jet  plume. 

Slight  noise  reduction  is  achieved  due  to  the  porous  plug.  However,  the  amount  of 
benefit  is  much  less  than  what  was  expected  of  porous  plugs.  Suppressions  of  about  8 
EPNdB  is  achieved  by  the  36-chute  suppressor  alone  configuration  with  porous  plug  at 
takeoff  and  cutback  cycle  conditions. 

For  the  takeoff  thrust  of  about  67  to  69  klbs,  with  flight  simulation,  while  noise 
suppression  of  about  8 EPNdB  is  achieved  by  the  suppressor  alone  configuration, 
additional  benefit  of  about  4 to  8 EPNdB  are  obtained  due  to  fluid  shields  of  different 
thicknesses  compared  to  the  suppressor  alone  configuration.  Similar  noise  benefits  due 
to  suppressor  alone  configuration  and  due  to  fluid  shields  are  also  obtained  with  respect 
to  core  stream  velocity.  At  takeoff  condition  (i.e,,  at  core  velocity  of  2475  ft/ sec), 
noise  benefit  of  as  high  as  8 EPNdB  with  flight  simulation  is  observed  for  0.75"  and 
1.0"  thick  shields  with  respect  to  the  suppressor  alone  configuration.  With  respect  to 
FAR.  36  Stage  3 noise  requirement  the  best  of  fluid  shield  configuration  falls  short  of 
about  3.5  EPNdB  at  takeoff  with  an  ideal  gross  thrust  of  about  68  Mbs.  Noise 
suppression  increases  with  increasing  shield  thickness  until  it  reaches  an  optimum 
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Figure  2.1-2.  Operating  domain  of  the  Cell  4 1 Anechoic  Free  Jet  Facility. 


fed  directly  to’  the  front-end  computer. 
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This  shield  thickness  study  is  exploratory  and  is  intended  to  establish  effect  of  shield 
thickness  and  mass  flow  ratio  on  the  noise  suppression.  The  list  below  shows  the 
various  parameters  based  on  the  shield  thicknesses  for  220°  wrap. 


Shield  Thickness  tn  Flade  Area  A98  Mass  Flow  Rate  Ws 

0.4898"  11.734  in2  7.350  pps  (Design  Case) 

0.7500"  18.200  m2  11.788  pps 

1.0000"  24.800  in2  16.060  pps 

The  range  of  shield  thickness  for  the  present  fluid  shield  nozzles  coincides 
approximately  with  the  prior  thermal  shield  test  program  (Ref.  2).  Layout  of  the  scale 
model  fluid  shield  nozzle  for  220°  wrap  is  shown  in  Figures  2.2-2  and  2.2-3.  Various 
components  for  fluid  shield  nozzles  are  shown  in  Figure  2.2-4. 
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All  five  configurations,  2 through  6,  are  tested  with  the  10%  porous  plug  . The 
suppressor  alone  and  the  baseline  fluid  shield  configurations  are  tested  with  the  hard 
walled  plug  also.  Suppressor  alone  configurations,  with  hard  walled  and  porous  plugs, 
are  shown  in  Figures  2.2-6  and  2.2-7.  A fluid  shield  nozzle  configuration  with  porous 
plug  is  shown  in  Figure  2.2-8. 


Instrumentation  layouts  for  fluid  shield  nozzles  are  shown  in  Figures  2.2-9  and  2.2-10. 
Static  pressure  taps  are  the  major  part  of  this  layout.  Two  rows  of  static  pressure  taps, 
22  in  total,  marked  PI,  P2,  P3,  etc.,  are  mounted  on  the  plug  surface  distributed 
axially  from  the  base  (i.e.,  X/L=Q,  X being  the  axial  distance  from  plug  root  and  L 
being  the  plug  length)  to  the  plug  tip  (i.e.,  X/L=i).  The  first  12  taps  are  aligned  with 
the  hot  core  flow  path  and  the  remaining  10  taps  are  aligned  with  the  chute  centerline 
of  the  suppressor. 

Sixteen  pressure  taps,  marked  P23  through  P38,  are  placed  on  the  base  region  of  the 
chute  (see  Figure  2.2-9).  The  first  eight  of  the  taps  are  placed  on  chutes  exposed  to  the 
region  under  the  fluid  shield  when  the  fluid  shield  nozzle  is  mounted.  The  other  8 are 
mounted  on  chutes,  which  remain  unshielded  for  fluid  shield  nozzle  configurations. 
Each  of  these  eight  tap  sets  covers  the  chutes  radially  from  inner  (i.e.,  Rci/Rco=0.7, 
Rq  and  R^0  being  the  radial  location  of  the  tab  and  outer  radius  of  the  suppressor, 
respectively)  to  the  outer  radii  (i.e.,  RQ\lKr0—l),  to  measure  radial  variation  of  chute 
base  pressure  for  an  assessment  of  chute  base  drag.  To  avoid  crowding  of  and 
subsequent  influence  of  leads  on  static  pressure  measurement  (as  the  taps  are  surface 
mounted  and  routed),  only  one  tap  is  placed  in  each  chute.  The  radial  location  of  these 
taps  are  on  centers  of  equal  projected  areas  on  the  exit  plane.  The  radial  location  of  the 
taps,  the  tap  number,  and  the  corresponding  chute  number  (marked  as  Cl,  €2.  etc.)  are 
listed  in  Figure  2.2-9. 

Three  pressure  taps,  P39,  P40,  and  P41,  are  mounted  on  the  suppressor  outer  surface, 
upstream  of  the  exit,  where  the  fluid  shield  nozzle  is  mounted.  These  taps  indicate  the 
circumferential  flow  variation  for  fluid  shield  nozzles.  The  angular  locations  \| / of  these 
taps  are  shown  in  Figure  2.2-9.  Four  thermocouples  are  mounted  on  the  chutes  to 
monitor  the  skin  temperature.  Two  of  these  thermocouples  are  mounted  on  C36  and  the 
other  two  are  mounted  on  Cl 8 and  C19.  These  are  located  at  different  radial  locations. 
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7.  36-chute  suppressor  model  assembly  with  the  10%  porous  plug. 


id  shield  nozzle  assembly  with  10%  porous  plug;  fluid  shield  thickness 
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Instrumentation  layout  for  the  fluid  shield  nozzle  looking  upstream 
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changed  throughout  the  throttle  variation.  This  is  an  important  difference  between  the 
scale  model  nozzle  and  the  foil  scale  preliminary  design,  in  that  the  fluid  shield  area  at 
the  exit  plane  remains  constant  for  the  models. 
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1-14.  Fluid  shield  nozzle  orientation  in  Cell  41  for  azimuthal  directivity  study. 
220°  wrap,  0.5"  thick  (not  to  scale). 
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Figure  2.2-19.  Aerothermodynamic  test  certain; 
(A98),  A3  =21.59  in2. 
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parametric  variation  of  Pr?s.  The  test  conditions  for  variations  in  1VD,  P^p,  and  TLs 
are  illustrated  in  Figure  2.2-21, 


Test  Conditions  for  the  Comical  Nozzle  and  the  Suppressor  Alone  Operation  : The 

test  conditions  for  the  suppressor  alone  were  selected  to  cover  the  primary  jet  velocity 

range  of  the  throttle  line  for  the  Flade  cycle.  In  order  to  compare  the  suppressor  alone 

characteristics  with  those  with  the  fluid  shield  configurations  it  is  preferable  to  select 

the  aero  thermodynamic  conditions,  which  would  yield  the  jet  velocities  (V-  ) same  as 

jsp 

the  V . values  corresponding  to  the  three  fluid  shield  areas  at  cutback  and  takeoff 
condition.  This  would  penult  acoustic  comparison  of  nozzles  with  and  without  shield  at 
the  same  specific  thrust  during  FAR-36  Stage  3 noise  assessment.  Engine  companies 
tend  to  compare  dual  flow  nozzles  on  a specific  thrust  basis,  since  aircraft  thrust 
requirements  change  during  conceptual  and  preliminary  design  studies  significantly. 
Noise  characteristics  established  on  a specific  thrust  basis,  could  be  easily  modified  for 
required  thrust  levels  once  they  are  better  established.  An  alternate  way  is  to  compare 
the  configurations  with  and  without  the  fluid  shield  at  the  same  core  jet  velocities  and 
making  adjustments  for  thrust  differences. 

The  resulting  mixed  conditions  (mass  averaged)  were  selected  for  the  conical  nozzle 
and  the  suppressor  alone  operation.  The  conditions  corresponding  to  the  takeoff  and 
cutback  for  the  core  by  itself  were  also  included.  In  addition,  the  takeoff  cycle 
condition  corresponding  to  a high  specific  thrust  cycle  such  as  VCE  was  also  included, 
for  the  sake  of  comparison  with  the  2D-CD  suppressor-ejector  being  tested  under 
Contract  NAS3-25415.  The  test  conditions  for  conical  nozzle  and  suppressor  alone  are 
plotted  in  Figure  2.2-22.  A few  additional  test  points  with  subsonic  flow  conditions  and 
with  ambient  temperature  conditions  were  added  to  the  conditions  described  above.  For 
the  conical  nozzle  and  the  suppressor  alone  configurations  the  aero  thermodynamic 
conditions,  PIVp,  Ttjp,  and  Vrajx,  are  also  represented  by  Pg,  I'p,  and  Vj, 
respectively. 


Limited  number  of  shadowgraph  tests  were  conducted  for  six  configurations,  namely, 
the  suppressor  alone  and  the  0.5 "-thick  base  line  fluid  shield  nozzle  configurations  with 
hardwalled  and  porous  plugs,  and  0.75 "-thick  and  1.0 "-thick  fluid  shield  nozzle 
configurations  with  porous  plug  only. 
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accelerates  downstream  to  supersonic  flow.  Since  the  induced  ambient  flow  in  the 
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for  a 2D  underexpanded  flow.  Such  a flow  for  an  inviscid  fluid  is  shown  schematically 
in  Figure  2.3-4.  It  should  be  noted  that  there  is  also  the  possibility  of  a Mach-disk 
when  two  shock- waves  interact  but  is  not  shown  in  Figure  2.3-4. 

With  this  picture  in  mind,  it  is  now  slightly  easier  to  picture  the  3D  wave-surfaces 
coming  out  of  the  chutes.  However,  the  inclination  of  the  plug-surface  at  the  bottom 
will  complicate  the  flow  picture  further.  Hence,  as  a next  step  towards  the  real  flow, 
we  show  schematically  in  Figure  2.3-5  a physically  possible  structure  of  the  3D  waves 
from  an  underexpanded  core  flow  over  a non-porous  cylindrical  plug  with  zero  ramp 
angle.  The  alternate  expansion  cells  and  shock-cells  are  formed  if  we  assume  the 
following: 


P|  < Pa  < Pex  Expansion  Cell 
Pj  < Pa  < ?2  Shock  Cell 


P3  < Pa  < P2 


Expansion  Cell,  and  so  on. 


Other  possibilities  for  the  evolution  of  the  wave  emanating  from  the  lip  may  also  arise. 
If,  e.g. , ?i  > Pa,  then  it  can  be  shown  that  the  jet  border  keeps  on  deflecting  away 


Prandtl-Meyer 
Expansion  Fan 


Figure  2.3-3.  Two-dimensional  underexpanded  supersonic  flow  at  the  edge  of  a nozzle 
showing  outward  bulging  of  the  jet  border. 


Deflect 


Into  Envelope 
Shock  Waves 


Figure  2.3-4.  Two-dimensional  underexpanded  nozzle  plume  structure  with  uniform 
supersonic  exit  flow. 
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Going  back  to  the  shadowgraph  of  Figure  2.3-1  we  observe  that  the  first  white  vertical 
strip  lias  a dip  in  the  shear-layer/vortex-sheet.  Such  a dip  occurs  usually  when  a shock- 


The  top  side  in  Figure  2.3-1  shows  shielded  flow  with  shield  nozzle  pressure  ratio  of 
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(a)  Disturbance  from  the  lip  for  an  annular  underexpanded  nozzle 
with  a "wall"  on  one  side  (wall-jet). 


(b)  Disturbance  from  an  obstruction 
in  supersonic  shield  flow. 


Shock-wave /Compress ion 


Inward 

_ Deflection 


Shield 
Flow  - 


(c)  Disturbance  at  the  chute  entrance 
and  supersonic  flow  inside  the  chute 


(d)  Distu 
Prima: 


Figure  2.3-6.  Disturbances  in  supersonic  shiei 
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rather  create  a "lampshade"  type  envelope  of  expansion  waves  from  its  edge  to  be 
reflected  down  the  chute  as  a compression  wave  which  has  enough  height  to  coalesce 
into  a shock  surface.  The  point  is  that  the  reflection  of  these  waves  from  inside  the 
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interaction  distortion  can  come  from  the  shock  surfaces  in  the  secondary  shield  flow 
exiting  the  chutes  (see  Figure  2.3-6(c)),  however,  this  should  be  weak. 


ratio.  When  nozzle  pressure  ratio  (NPR)  is  increased,  we  essentially  change  the  total 
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Effect  of  nozzle  pressure  ratio  (Pr  n)  and  plug  porosity  on  shock  structure 
for  the  36-chute  suppressor  configuration  at  ambient  temperature. 
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reflections  thus  give  weaker  shocks  and,  hence,  less  shock-associated  noise. 


In  underexpanded  nozzles  with  chutes,  however,  such  is  not  the  case,  (see  Figures  2.3- 
5 (a)  & (c)).  The  wave  from  the  lip,  as  explained  earlier,  never  ''sees"  the  plug 
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thick  and  220°  wrap  shield  with  porous  plug. 


Figure  2.3-12.  Shadowgraph  showing  the  flowfield  on  s 
-shield  nozzle  of  0.5 "-thick  and  220! 
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wrap  shield  with  porous  plug. 


expected  to  be  identical  in  each  case.  On  the  shielded,  side  the  thicker  shield  exhibits 
stronger  interaction  of  core  and  chute  flows  with  the  shield  flow. 

The  complexities  observed  on  the  shielded  side  axe  caused  by  the  supercritical  shield 
flows.  This  is  identified  by  comparing  the  supercritical  shield  flow  (see  Figure  2.3-1) 
with  subsonic  shield  flow  (see  Figure  2.3-13).  Compared  to  Figure  2.3-1  the  shielded 
side  shock  structure  in  Figure  2.3-13  is  quite  different.  However,  unshielded  flow 
streams  are  similar.  The  axial  shock  spacing  on  shielded  side  seems  to  be  higher  than 
that  of  unshielded  side  for  subsonic  shield,  which  could  be  explained  due  to  reduced 
mean  shear  by  the  subsonic  shield,  similar  to  flight  effect  by  freejet.  These  effects  are 
farther  illustrated  in  Figures  2.3-14  and  2.3-15  for  the  G.5"-thick  fluid-shield  nozzle 
with  hard-walled  plug  at  two  different  mix  velocity  conditions. 

Previous  experimental  studies  which  compared  acoustic  characteristics  of  suppressor 
nozzles  with  convergent  and  C-D  chutes  showed  relatively  minor  noise  reduction  (about 
2 PNdB  @ 8;=60°)  by  C-D  chutes  over  convergent  chutes  at  design  condition  (Ref. 

11)  indicating  that  the  contribution  of  shock  noise  to  total  noise  for  a suppressor  is  not 
as  larger  as  in  the  case  of  unsuppressed  plug  nozzles.  MGB  predictions  for  suppressor 
nozzles  gave  reasonable  agreement  with  data  when  shock  noise  was  not  included  (Ref. 

12) .  Hence,  it  is  not  unreasonable  to  expect  minor  noise  benefit  by  shock  noise 
reduction  due  to  porous  plug.  It  seems,  that  a C-D  chute  design  may  yield  more  noise 
reduction  than  porous  plug  at  design  NPR.  A combination  of  'C-D  chute  and  plug 
porosity  may  be  needed  to  increase  shock  noise  reduction  at  design  and  slightly  off 
design  conditions. 
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fluid-shield  nozzle  of  1.0"-thi 
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SUPPRESSOR 
EXIT  PLANE 


Pfsp-3.19,  TtiP=I786°R,  V*  „^2475  Sis 
Fr?s-2.14S  TtsS=695°R5  Vs  ,*1276f/« 
^rof%~ 2030  ft/sec 


HARD-WALLED  PLUG 
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hard-walled  plug 
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2.3-14.  Sliadowgraph  showing  fee  effect  of  0.5K-tMck 
and  22(P  wrap  subsonic  shield  for  a fluid-shield 
. ssyjzk  wife  tart-walled  plag. 
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Where, 


PS;  = static  pressure  measured  by  the  ith  tap 

A j = elemental  projected  area  in  axial  direction  for  the  static  pressure  PS-  in  hfi 
(FG)|  = ideal  gross  thrust  in  lbs 

Following  are  the  various  ACfg  associated  with  plug  and  chutes : 

(ACfg)ph  = ACfg  for  the  plug  evaluated  by  hot  flow  row  data 
(ACfg)pc  = ACfg  for  the  plug  evaluated  by  cold  flow  row  data 
(ACfg)pa  = average  ACfg  for  the  plug 
(ACfg)cs  = ACfg  for  the  shielded  chutes 

= ACfg  for  the  unshielded  chutes 
(ACfg)ca  = average  ACfg  for  the  chutes 

= [<S>  (ACfg)cs  + (360  -4> ) (ACfg)cu]/360 
where,  ([)  is  the  shield  wrap  angle  in  degrees. 

(ACfg)t  = total  ACfg  for  the  plug  and  chutes 
= (ACfg)pa  + (ACfg)ca 

(ACfg)f-s  = relative  ACfg  due  to  flight  simulation 

= [(ACfg)t]ffjg{n ' [(ACfg)t] static 

These  correction  factors  to  gross  thrust  coefficient  are  computed  using  the  appropriate 
plug  and  chute  projected  axial  areas. 


Suppressor  Alone  Configuration  : Figures  2.4-1  and  2.4-2  illustrate  the  comparison 
of  axial  static  pressure  distributions  on  the  hard-walled  plug  between  the  hot  flow  row 
and  cold  flow  row  with  and  without  flight  simulation.  Figure  2.4-1  includes  the 
comparisons  for  heated  core  flow  with  nozzle  pressure  ratios  of  1.6  to  3.1.  In  this 
range  of  Pr  p there  is  no  appreciable  difference  in  plug  static  pressure  distributions 
between  hot  and  cold  flow  rows.  As  the  flow  exits  from  the  suppressor,  in  most  cases 
(i.e.,  for  higher  Pr  p and  Tt>p),  it  accelerates,  which  results  in  lower  than  ambient 
pressure  near  the  plug  crown.  The  pressure  distributions  exhibit  a constant  value  at  the 
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crown  of  the  plug  and  as  the  flow  develops  further  downstream  (especially  for  higher 
Pr  p values),  the  plug  is  pressurized  with  axial  distance  (i.e.  ,X/L),  due  to  a 
recompression  of  the  flow  after  the  initial  acceleration. 

Figure  2.4-2  shows  the  plug  static  pressure  distributions  for  hot  and  cold  flow  rows  for 
a higher  Fr?p  of  4 at  ambient  temperature  and  at  1960°R  core  flow  temperatures.  The 
plug  static  pressure  distributions  between  hot  and  cold  flow  rows  differ  near  the  plug 
crown  arsd  then  axe  identical  for  rest  of  the  plug  surface.  The  hot  core  flow  seems  to 
overexpand  more  than  the  ambient  core  flow  as  it  turns  the  plug  crown  due  to  Prandtl- 
Meyer  expansion  and  then  a pressure  rise  is  observed  due  to  a recompression.  Stronger 
Piandtl-Meyer  expansion  occurs  for  higher  nozzle  pressure  ratios  for  the  same  turning 
angle.  This  is  observed  in  the  shadowgraph  pictures  (see  Figures  2.3-8  and  2.3-9)  and 
is  explained  in  section  2.3  that  the  shock  spacing  increases  with  increasing  nozzle 
pressure  ratio  due  to  stronger  and  more  spread-out  Prandtl-Meyer  expansion  fan. 

The  pressure  distribution  along  the  hot  flow  row  is  somewhat  influenced  at  the  plug 
crown  by  core  flow  temperature  at  this  high  nozzle  pressure  ratio  (see  Figure  2.4-2). 
Measured  static  pressures  on  the  plug  hot  flow  row  indicate  a higher  static  pressure  at 
the  plug  base  for  heated  case  compared  to  the  cold  flow  case.  One  reason  for  this  is  the 
lower  specific  heat  ratio  at  higher  temperature  (at  a total  temperature  of  1960°R  and 
pr  p=4.0,  y the  specific  heat  ratio  at  the  throat  is  1.34),  which  elevates  the  static 
pressure  relative  to  the  ambient  temperature  case  for  which  y is  1.4.  For  the  present 
case  assuming  unity  Mach  number  at  the  nozzle  exit  plane  the  static  pressure  at  this 
point  becomes  0.528  Pj  for  cold  flow  and  0.539  Pj  for  hot  flow  due  to  different 
specific  heat  ratios,  Py  being  the  total  pressure.  Another  probable  reason  for  the  static 
pressure  difference  between  hot  and  ambient  core  flows  can  be  attributed  to  some 
thermal  growth  of  the  chutes  under  heated  conditions,  and  the  resulting  flow  path 
differences. 

Further  downstream  on  the  plug  surface,  for  all  conditions  (see  Figures  2.4-1  and  2.4- 
2),  the  flow  seems  to  develop  on  the  plug  surface  uniformly  resulting  in  some  amount 
of  pressure  recovery. 

Figure  2.4-3  compares  axial  static  pressure  distributions  on  the  porous  plug  along  hot 
and  cold  flow  rows  for  static  case.  These  distributions  are  very  similar  to  what  is 
observed  for  hard- walled  plug,  except  for  pressure  ratio  4.  In  this  case,  the  difference 
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between  hot  and  cold  flow  rows  are  much  less  compared  to  hardwalled  plug.  The 
influence  of  porous  plug  is  further  demonstrated  in  Figure  2.4-4  by  comparing  the 
pressure  distributions  between  hardwalled  and  porous  plugs  for  both  hot  and  cold  flow 
rows.  The  pressure  rise  on  hardwalled  plug  is  steeper  close  to  X/L=0.2,  indicating  the 
presence  of  moderately  stronger  shock  compared  to  porous  plug.  However,  the 
shadowgraph  photographs  (see  Figures  2.3-8  and  2.3-9)  show  minimal  differences  in 
the  shock  structures  between  porous  and  hardwalled  plugs.  Hence,  although  PSp]  (i.e., 
static  pressure  on  plug  surface)  distributions  on  porous  plug  show  some  differences 
compared  to  hardwalled  plug  distributions,  it  is  not  sufficient  to  show  up  in  a 
shadowgraph  picture,  which  is  more  qualitative  in  nature. 

Considering  the  limited  difference  between  hot  and  cold  flow  row  static  pressure 
distributions,  an  average  value  of  these  two  (i.e.,  (PSpj/PamhWr)  is  used  for 
computing  axial  plug  thrust  component.  Effect  of  temperature  on  the  plug  axial 
pressure  distribution,  shown  in  Figure  2.4-5,  has  minimal  effect  at  low  nozzle  pressure 
ratios.  At  higher  nozzle  pressure  ratios,  the  static  pressure  increases  due  to  temperature 
at  and  near  the  plug  crown.  The  reasons  for  these  effects  are  the  same  as  those 
described  earlier.  For  the  rest  of  the  plug  small  reduction  of  static  pressure  is  observed 
due  to  temperature  rise.  The  effect  is  similar  with  and  without  flight  simulation. 

Increasing  nozzle  pressure  ratio  (shown  in  Figure  2.4-6)  results  in  an  over-acceleration 
of  the  flow  around  the  plug  crown  and  hence  lower  static  pressure  and  subsequent 
higher  levels  of  the  recovery  pressures  on  the  plug  surface.  In  general,  similar  effect  is 
observed  due  to  increasing  jet  velocity  shown  in  Figure  2.4-7.  However,  the  nozzle 
pressure  ratio,  not  the  jet  velocity,  is  primarily  responsible  for  this  effect.  This  can  be 
observed  from  Figure  2.4-7,  in  that  the  increase  in  the  static  pressure  is  insignificant 
between  the  jet  velocities  of  1651  ft/ sec  and  1811  ft/ sec,  since  the  nozzle  pressure 
ratios  are  very  close  for  these  cases. 

The  effect  of  flight,  demonstrated  in  Figure  2.4-8,  is  to  increase  the  static  pressure 
levels  on  the  plug  compared  to  static  cases.  This  results  in  a small  increase  in  axial  plug 
thrust  contribution. 


Fluid  Shield  Nozzle  Configurations  : Figure  2.4-9  compares  axial  static  pressure 
distributions  on  the  hard- walla!  and  porous  plugs  between  the  hot  and  cold  flow  rows 
for  0.5 "-thick  fluid  shield  nozzle  at  the  shielded  side.  Figure  2.4-9  includes  the 
comparisons  for  two  flow  conditions.  There  is  no  appreciable  difference  in  plug  static 
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^ — 0,4  ~~oF~ ols 

AXIAL  POSITION,  X/L 

Figure  2.4-4.  Effect  of  porous  plug  compared  to  hardwalled  plug  on  plug  axial  static  pressure 
distributions  ror  the  suppressor  alone  configurations  at  static  condition. 
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AXIAL  POSITION,  XI 

Figure  2.4-8.  Effect  of  simulated  flight  (Mp=0.32)  on  axial  average  static  pressure 
distribution  on  the  hard-walled  plug  attached  to  the  36-chute  suppressor. 
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recompression.  The  static  pressure  increases  with  Pr?p  close  to  the  plug  crown  and 


NAS  A/CR— 2005-2 13213 


80 


NAS  A/CR— 2005-2 13213 


81 


NAS  A/CR— 2005-2 13213 


1,05 


NAS  A/CR— 2005-2 13213 


84 


NAS  A/CR— 2005-2 13213 


86 


Figure  2.4-15.  Effect  of  core  stream  total  temperature  (Tt  D)  on  plug  axial  static  pressure  distributions  fo; 
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Figure  2.4-19.  Effect  of  simulated  flight  (Mp=0.32)  on  radial  static  pressure  distribution  on 

suppressor  chute  for  the  36-chute  suppressor  with  hard-walled  plug  configuration. 
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Figure  2.4-20.  Effect  o: 
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wrap  fluid  shield  nozzle  configurations  with  porous  plug  at  static  condition. 
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respect  to  nozzle  pressure  ratio. 


The  (ACfg)pa  (i.e.,  for  plug)  is  positive  for  all  nozzle  pressure  ratio  with  and  without 
flight  simulation.  The  chute  force  contribution  is  always  negative  and  is  higher  in 
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thick  fluid  shield  nozzle  is  about  2 to  3 % lower  compared  to  the  suppressor  alone 


for  the  plug  and  chutes  (see  Figure  2.4-34).  The  (ACfg)pa  increases  a little  and  then 


NAS  A/CR— 2005-2 13213 


104 


NAS  A/CR— 2005-2 13213 


105 


% X^DV) 


NAS  A/CR— 2005-2 13213 


106 


, o 
7" 


% 43(S^3V) 


NAS  A/CR— 2005-2 13213 


107 


Figure  2.4-31.  Effi 
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decreases  with  P^p  and  the  levels  decrease  with  shield  thickness  for  lower  Pf;p  values. 
The  trend  is  completely  opposite  for  chute  (ACfg)ca.  The  combined  (ACfg)t  is 
insensitive  to  Pr^p.  Again,  the  0.5 "-thick  fluid  shield  seems  to  perform  better.  Effect  of 
fluid  shield  nozzle  total  temperature  on  ACfg,  as  shown  in  Figure  2.4-35,  is  relatively 
small.  The  0.5 "-thick  fluid  shield  seems  to  be  more  favorable.  Variation  of  ACfg  with 
respect  to  T<_  p,  as  shown  in  Figure  2.4-36,  is  similar  to  Tt_s  and  is  very  little.  Again, 
0.5 "-thick  fluid  shield  seems  to  be  better  compared  to  the  0.75"-  and  1.0 "-thick  shields. 
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The  principal  objective  of  this  investigation  is  to  evaluate  the  acoustic  characteristics  of 
a mechanically  suppressed  nozzle  with  fluid  shields  of  different  thickness  and  wrap 
angle.  Tests  were  conducted  for  a 2.9"  diameter  conical  nozzle  (see  Figure  2.2-1),  a 
36-chute  mechanical  suppressor  (see  Figures  2.2-6  and  2.2-7),  and  the  36-chute 
suppressor  with  various  fluid  shield  nozzles  (see  Figure  2.2-8).  Select  configurations, 
mounted  in  Cell  41  for  acoustic  tests,  are  shown  in  Figures  2.5-1  through  2.5-4.  Before 
discussing  the  acoustic  results  of  this  investigation,  acoustic  data  nomenclature, 
normalization,  and  accuracy  are  described  in  this  section.  In  addition,  the  accuracy  and 
the  validity  of  measured  data  are  discussed  in  this  section. 


The  farfield  data  measured  by  ah  array  of  microphones  at  an  azimuthal  location  <j>  are 
analyzed  to  generate  various  acoustic  parameters.  These  parameters  include  Sound 
Pressure  Level  (SPL),  Sound  Power  Level  (PWL),  Overall  Sound  Pressure  level 
(OASPL),  Perceived  Noise  Level  (PNL),  Tone  corrected  Perceived  Noise  Level 
(PNLT),  and  Effective  Tone  corrected  Perceived  Noise  Level  (EPNLT)  which  are 
presented  as  functions  of  Mixed  Jet  Velocity  (Vmjx),  Jet  Velocity  Parameter  (Vpax)> 
Ideal  Gross  Thrust  (FG)j,  Frequency  (f),  Angle  to  Inlet  or  Polar  Angle  (0),  Shock 
Strength  Parameter  (SHpar),  where, 


Vmlx  = (Vj,p  - Wp  + Vj)S  . Ws)  / (Wp  4-  W§) 

Vj_p  = Ideal  Nozzle  Exhaust  Velocity  for  primary  (core)  stream  ft/ sec 
VjjS  = Ideal  Nozzle  Exhaust  Velocity  for  secondary  (flade)  stream  ft/ sec 
Wp  = Mass  Flow  Sate  for  primary  stream  lbs/ sec 
Ws  = Mass  Flow  Rate  for  secondary  stream  lbs/ sec 


"'  par  ~~  10  LOG]  p[V mix/ aoJ 

SHpar  = 10  LOGioffl 

&q  = Ambient  Speed  of  Sound  ft/ sec 


^mix  ~ Vm  Sy/ 
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deld  nozzle  in  Cell  41,  wrapped  around  the  36-chute 
rd-walled  plug  by  220°. 
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Figure  2.5-3.  0.5 "-thick  fluid  shield  nozzle  in  Cell  41,  wrapped  around  the  36-chute 
suppressor  with  porous  plug  by  220°. 
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Figure  2,5-4.  The  unshielded  side  of  the  fluid  shield  nozzle  configuration  in  Cell  41. 


EPNLT  for  static  condition  is  computed  using  the  PNLT  values  assuming  a flight 
velocity  of  360  ft/sec  (i.e.,  Mp=0.32)  and  is  termed  as  Pseudo  EPNLT.  For  single 
stream  nozzles,  like  the  conical  nozzle  and  the  suppressor  nozzle  alone  configurations, 
Vmjy  reduces  to  Vjp  (or  Vj),  the  ideal  exhaust  jet  velocity.  For  some  cases,  the  noise 
level  parameters  are  also  presented  with  respect  to  velocity  ratio  Vr,  mass  flow  ratio 
Wr,  and  aero  thermodynamic  parameters  (i.e.,  PTp,  .F\%S:  Tt  p,  and  Tt>s),  where, 


Vj,s  / Vj,p 


Wr  = W*  / 


Often  the  noise  level  parameters  are  normalized  with  respect  to  a reference  thrust  Fref 
or  with  respect  to  the  reference  thrust  Fref  and  jet  density.  These  normalization  arose 
out  of  establishing  velocity  dependence  of  jet  noise,  using  LighthiU's  scaling  laws  as 
follows: 


I ocpWAjVj"  (1) 


Where,  I = Noise  source  intensity 


p = Jet  density 

Aj  = Cross-sectional  area  of  the  jet 
Vj  = Jet  velocity 

© = Density  exponent,  2 for  high  velocities  (Ref.  13) 
n = Jet  velocity  exponent 


Equation  (1)  may  be  regrouped  as 

I oc  ( p AjVj2)  pC®'1)  Vf'25  (2) 


or  I oc  (FG)i  p(®-D  Vj(n'2) 

Where,  (FG)j  = ( p AjV2),  ideal  gross  thrust. 

Hence,  source  intensity  dependence  on  jet  velocity  on  a constant  thrust  basis  may  be 
extracted  if  source  intensity  is  normalized  for  a reference  thrust  and  density  as; 
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(3) 


(F^) 

or 

l = [(FG%  \f/ 

/ A ref  / Ho 

Hence,  10  log(I)  = 10  log(I)  + NF  oc  10  log[Vf'2)]  (4) 

NFtf!  = Normalization  factor  with  respect  to  thrust 
= -10  Log  ((FG)j/Fref),  dB 

NF  = Total  normalization  factor  with  respect  to  thrust  and  density 
= -10  Log  ((FG)i/Fref)  ( pi  p0)®  'I,  dB 

where, 

Frcf  = Reference  Gross  Thrust,  60000  lbs 
p0  = Ambient  Density  of  Air 

Note  that  a new  value  of  Fref  = 60,000  lbs  is  chosen  for  these  studies,  which  reflects 
the  full  scale  engine  thrust  at  takeoff  for  an  HSCT  with  a TOGW  (i.e.,  takeoff  gross 
weight)  of  about  700,000  lbs.  Thus,  the  noise  levels,  if  normalized  for  60,000  lbs  gross 
thrust,  will  be  more  representative  of  anticipated  full  scale  engine  noise  levels. 


2,5.2  Acoustic  Data  Accuracy 


Acoustic  data  accuracy  discussion  deals  with  the  issues  of  freejet  background  noise 
levels,  the  tower  array  microphone  data  compared  to  fixed  array  microphone  data,  the 
azimuthal  symmetry  with  respect  to  tower  microphone  array,  on-line  data  compared  to 
post  processed  data,  and  present  conical  nozzle  results  compared  to  prior  test  data  and 
predictions. 


Tower  Versus  Fixed  Microphone  Data  t As  described  earlier,  while  the  fixed 
microphone  array  is  placed  at  a sideline  distance  of  about  26  feet  the  tower  microphone 
array  is  at  a distance  of  about  21  feet  from  the  nozzle  exit  plane.  To  assess  whether  the 
tower  microphones  are  in  the  farfield  or  not,  acoustic  data  measured  by  tower 
microphones  at  different  azimuthal  locations  (d>)  for  axisymmetric  nozzles  (i.e.,  conic 
and  suppressor  alone  configurations)  are  compared  with  data  measured  by  the  fixed 
microphone  arrays,  which,  based  on  past  test  experience  at  Cell  41,  are  in  the  far  field 
(Ref.  14).  This  comparison  is  also  essential  to  establish  the  accuracy  of  traversing 
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microphone  measurement,  since  the  community  point  and  the  sideline  point  noise  levels 
are  different  for  nonaxisymmetric  fluid  shield  nozzles  and  are  measured  by  positioning 
the  tower  microphone  array  at  different  azimuthal  planes.  For  conical  nozzle  and  36- 
ctate  suppressor  alone  configurations  measurements  - were  made  by  tower  microphone 
as  well  as  fixed  microphone  arrays  by  positioning  the  tower  at  three  azimuthal  locations 
(i.e.,  10°,  45°,  and  75°)  for  a few  test  conditions  (see  Figures  2.2-11  and  2.2-12). 

Figures  2.5-5  and  2.5-6  show  the  comparisons  of  tower  microphone  data,  acquired  at 
three  azimuthal  locations,  with  fixed  microphone  data,  positioning  the  tower  at  10° 
and  75°,  for  the  conical  nozzle  with  Pr  p = 1.6  and  J\.p  = 1 000°R  and  without  flight 
simulation.  Fixed  microphone  data,  when  tower  is  positioned  at  <f>  = 45°,  is  not 
included  in  these  comparisons,  since  the  influence  of  tower  is  significant  when  parked 
in  front  of  the  fixed  microphone  array  at  6 = 45°.  Comparison  of  overall  sound 
pressure  directivities,  shown  in  Figure  2.5-5,  shows  very  good  agreement  with  each 
other,  except  for  the  lowest  polar  angle  of  45°.  This  is  due  to  the  influence  of  the 
chamber  floor,  which  is  not  perfectly  uniform  in  terms  of  acoustic  insulation  due  to  the 
track  arrangement  installed  for  the  tower  microphone  system.  The  effect  of  tower  on 
fixed  microphone  data  is  negligible  when  the  tower  is  parked  at  10°  or  at  75°.  The 
agreement  between  the  tower  data  measured  at  different  azimuthal  angles  and  with 
fixed  microphone  data  axe  further  illustrated  in  Figure  2.5-6  by  comparing  the  SPL 
spectra  at  a number  of  polar  angles  (9).  These  comparisons  and  similar  results  for  other 
test  conditions  and  configuration  indicate  that  the  tower  microphone  data  are  within  one 
dB  compared  to  the  fixed  microphone  data  for  most  polar  locations  and  frequencies. 
Hence,  the  tower  microphone  data  is  commensurate  with  fixed  microphone  data  which 
has  been  shown  to  be  in  the  acoustic  far  field  for  conic  and  other  nozzles.  Hence,  the 
tower  microphone  system  is  considered  acceptable  for  acoustic  measurements  for  this 
program. 


On-line  Versus  EDR  Data  : Acoustic  data  measured  by  both  the  microphone  arrays  is 
analyzed  by  an  on-line  system  and  also  is  recorded  on  magnetic  tapes  for  post 
processing  by  Instrumentation  Data  Room  (IDR)  analysis  system.  The  on-line  system 
computes  1/3-octave  band  data  for  model  scale  at  a 40'  arc  up  to  80  kHz  corrected  to 
standard  day  conditions  (i.e.,  59°F  and  70  % humidity)  and  narrowband  data  as 
measured,  by  utilizing  analog  data  from  two  microphone  channels  at  a time.  Hence,  the 
on-line  output  from  all  the  microphone  channels  is  essentially  not  acquired  from  the 
same  time  segment  of  the  test.  If  measurable  fluctuation  exists  in  the  data,  one  may 
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iparisoE  of  SPL  spectra  for  the  6.54  ir?  conical  nozzle  me, 
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initial  (<J»)  locations;  P^=1.6,  Ty=1000°R,  Vj-1230  ft/sec. 
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analysis  with  IDR  analysis  at  all  the  polar  angles  (0)  measured  by  the  fixed 
microphones;  Pr=L65  Tj=520°R,  Vj=900  ft/sec. 
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polar  angles  (0)  measured  by  the  tower  microphones;  Pr  p=3.19,  Pr  s=2.14, 
Tt;p=1786°R,  TjjS=695°R,  Vmjx=1809  ft/sec  at  static  condition. 
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modeled  in  this  method.  However,  the  user  has  the  option  to  include  or  not  to  include 
the  turbulence  correction  during  data  analysis. 
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irP-  conical  nozzle;  Pr=2.2,  Tj=1209°R,  Vj=1716  ft/sec. 
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2030  ft/sec  (i.e.,  for  Pg  = 2.7,  Tt  = 138 1 °R  ) and  Vj  = 2475  ft/ sec  (i.e.,  for  Pr= 
3.2,  TV  = 1786°R  ),  as  shown  in  Figures  2.5-20  and  2.5-21,  respectively,  show 

' ’ ‘ ’ ' * " ‘ ft 


1.  SAE  method  utilizes  a "flight  exponent  (m)  method"  to  project  to  flight  using 
static  jet  mixing  noise  spectra.  It  utilizes  the  simple  and  widely  used  monopole  dynamic 
amplification  factor  for  shock  noise.  GEAE's  flight  transformation  method  corrects  for 
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used. 


Static  case:  Figure  2.5-22  shows  the  comparison  between  data  and  prediction  of  pseudo 
EPNLT  and  PNLT  at  various  polar  angles  0 with  respect  to  jet  velocity  Vj,  Reasonable 
agreement  is  achieved  in  these  comparisons,  except  the  measured  PNLT  values  are 


compared  to  data.  For  higher  velocities  due  to  takeoff  cycle  the  PNLT  and  OASPL 
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between  data  and  MS  prediction  with  flight  simulation  for  a 6.54  |q2 
conical  nozzle;  Mp=0.32,  ^=2.7,  TT=1381°R,  Vj=2030  ft/sec. 
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The  occurrence  of  this  noise  is  more  probable  for  small  scale  nozzles,  since  smaller 


nozzles  have  thinner  lips  which  is  known  to  induce  screech  more  readily.  Screech  is 


dominant  in  the  forward  arc. 
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Figure  2.5-31.  Comparison  _ of  old  normalized  PNL  date  as  a function  of  jet  velocity 
parameter  with  the  present  data  acquired  using  a 6.54  m2  conical  nozzle  at 
static  condition. 
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Figure  2.5-34,  Comparison  of  (a)  normalized  PNL  and  OASPL  directivities  and  (b)  narrowband 
SPL  spectra  between  two  test  points  of  present  study  acquired  using  a 6.54 
conical  nozzle  at  static  condition  for  a nominal  jet  velocity  of  1800  ft/sec. 
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where,  d is  the  nozzle  exit  diameter,  which  is  42.22"  for  1400  in2  nozzle.  The  screech 
frequency  is  independent  of  observer  angle  for  the  case  of  no  relative  motion  between 
nozzle  and  observer. 

The  shock  associated  noise  exhibits  a peak  value  at  a frequency,  which  can  be 
calculated  using  the  following  expression  (Ref.  27)  : 

f = Uc/[1.1  d B (1+Mc  cosG)] 

where,  Uc  is  the  convection  velocity,  which  is  about  0.7  Vj  and  Mc  = Vj/a G.  A more 
accurate  expression  for  screech  frequency,  derived  using  the  above  expression  with  0 
=0,  is  as  follows : 

f = Uc/[1.1  d B (1 +MC)] 

The  calculated  fundamental  screech  frequency  for  test  point  8 is  about  180  Hz 
compared  to  the  observed  value  of  about  172  Hz  (see  Figure  2.5-34(b)).  Based  on  the 
expression  for  the  frequency  of  shock  associated  noise  peak,  it  is  computed  as  260  Hz 
at  0=60°  and  471  Hz  at  0=90°  for  test  point  8 compared  to  336  Hz  and  610  Hz  for 
test  point  7.  Figure  2.5-34  shows  such  peaks  occurring  at  frequencies  very  close  to  the 
computed  values. 

It  is  quite  clear  that  the  disagreement  at  Vpar=2.1  (see  Figures  2.5-30  and  2.5-31) 
between  old  and  present  data  of  test  point  8 and  that  between  the  test  points  7 and  8 are 
due  to  the  difference  of  aero  thermodynamic  conditions,  which  resulted  in  screech  and 
higher  shock  associated  noise  for  test  point  8.  Data  from  a few  more  test  points  also 
deviate  from  the  old  results  as  shown  in  Figures  2.5-30  and  2.5-31.  Results  of  test 
points  5,  6,  11,  and  12  deviate  from  old  data,  whereas  the  rest  of  the  present  data  agree 
well  with  old  data,  even  at  0=60°.  The  disagreement  could  be  due  to  the  same  reason 
of  what  is  observed  for  test  point  8.  To  confirm  the  cause,  narrowband  spectra  of  test 
points  5,  12  (data  of  these  points  deviate  from  old  results),  and  13  (data  of  this  point 
agree  well  with  old  results)  are  plotted  in  Figure  2.5-35.  At  0=60°  a substantially 
strong  shock  associated  noise  peak  is  observed  around  400  Hz  for  test  point  5 even 
though  the  jet  velocity  is  much  smaller  (Vj  = 1649  ft/sec).  It  should  be  noted  that  the 
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peak  for  test  point  5 is  not  higher  than  those  for  test  points  12  and  13,  since  Vj  for  test 
point  5 is  much  lower  compared  to  Vj  values  for  12  and  13.  Between  test  points  12  and 
13,  12  shows  a stronger  shock  associated  noise  peak  even  though  the  jet  velocity  is 
about  2018  ft/ sec  compared  to  2204  ft/ sec  for  test  point  13.  The  higher  shock  noise  is 
due  to  the  nozzle  pressure  ratio  of  2.67  for  point  12  compared  to  2.4  for  point  13. 
Directivities  of  normalized  OA8PL  and  PNL  for  these  three  points  are  plotted  in  Figure 
2.5-36,  which  indicates  higher  levels  in  the  forward  arc  for  test  point  12  compared  to 
13. 


Spikes  at  3500  Hz  and  5800  Hz  are  observed  in  the  narrowband  spectra,  when  the 
broadband  noise  levels  are  relatively  lower.  These  spikes  correspond  to  the  actual 
measured  frequencies  of  51000  Hz  and  85000  Hz  for  the  model  scale  nozzle.  These  are 
the  low  level  electronic  signals  generated  in  the  narrowband  FFT  analyzer  and  do  not 
effect  the  1 /3-octave  noise  levels  obtained  from  different  analyzer. 

Figure  2.5-37  shows  the  spectral  comparison  of  normalized  SPL  at  different  polar 
angles  and  the  PNLN  and  OASPLN  directivity  comparisons  between  old  and  present 
data  (test  point  7 of  Table  2.5-1)  for  a nominal  jet  velocity  of  1800  ft/ sec.  The  test 
conditions  between  the  old  and  the  present  cases  are  slightly  different.  The  jet  velocity 
for  old  data  is  slightly  higher  due  to  its  higher  total  temperature.  On  this  basis  the 
present  data  is  expected  to  be  lower  (about  1 dB  using  50  log  Vjj)  in  levels  compared 
to  the  old  data.  Figure  2.5-37(a)  shows  slightly  lower  SPLN  levels  for  the  present  data 
at  higher  frequencies.  For  the  same  reason  the  PNLN  and  OASPLN  levels  are  slightly 
lower  for  old  data  in  the  aft  arc  as  shown  in  Figure  2.5-37(b). 

Similar  comparisons  are  made  for  another  case  with  a higher  jet  velocity  (i.e.,  nominal 
jet  velocity  of  2400  ft/ sec).  The  test  conditions  between  the  old  and  present  case  (test 
point  14  of  Table  2.5-1)  are  again  somewhat  different.  The  jet  velocity  for  old  data  is 
lower  due  to  its  lower  total  temperature  and  nozzle  pressure  ratio.  On  this  basis  the 
present  data  is  expected  to  be  1.1  dB  (using  50  log  Vjg)  higher  in  sound  pressure 
levels  compared  to  the  old  data.  Figure  2. 5 -3 8 (a)  shows  the  spectral  comparison  of 
SPLN  at  different  polar  angles  between  old  and  present  data  and  the  SPLN  levels  for 
the  present  case  are  slightly  higher  than  the  old  data.  The  corresponding  PNLN  and 
OASPLN  directivity  comparisons,  shown  in  Figure  2. 5-3 8(b),  indicate  lower  levels  for 
old  date  in  the  forward  arc. 


NAS  A/CR— 2005-2 13213 


164 


NAS  A/CR— 2005-2 13213 


165 


NAS  A/CR— 2005-2 13213 


166 


NAS  A/CR— 2005-2 13213 


167 


NAS  A/CR— 2005-2 13213 


168 


NAS  A/CR— 2005-2 13213 


169 


JET  VELOCITY  PARAMETER,  10  L0G10[Vj/ao3 


Figure  2 5-40,  Comparison  of  old  normalized  (a)  EPNL  and  (b)  PNL  date  as  a 
jet  velocity  parameter  with  the  present  data  acquired  using 
conical  nozzle  with  flight  simulation,  Mp=0.32. 
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conditions  is  essential. 
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3.  During  the  present  flight  simulation  tests  an  annular  nozzle  was  mounted 
around  the  core  conical  nozzle,  which  was  operated  at  the  same  velocity  as  that  of  the 
tertiary  flow  (i.e.,  flight  simulation  velocity  of  360  feet/sec.).  Boundary  layer  growth 
on  the  inside  of  annular  nozzle  passage  creates  an  additional  shear  layer  in  the  core  jet 
evolution  which  was  not  there  in  "old"  tests.  This  additional  shear  layer  is  expected  to 
alter  mixing  of  the  jet  downstream  and  hence  jet  mixing  noise.  Static  pressure 
mismatch  between  inner  jet  and  annular  jet  simulating  freejet  could  have  additional 
effect  on  shock  structure  and  associated  differences  in  shock  noise  features. 

4.  The  old  flight  simulated  data  were  acquired  at  free  jet  velocity  of  about  400 
ft/ sec,  whereas,  the  present  tests  were  conducted  with  a free  jet  velocity  of  360  ft/ sec. 
This  difference  might  have  contributed  to  the  observed  disagreement  in  flight  data. 

Based  on  the  results  and  the  discussions  presented  in  this  section  it  is  concluded  that  the 
facility  and  the  acoustic  data  acquisition  and  processing  methods  are  suitable  for 
obtaining  accurate  noise  data  for  the  present  program. 
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three  cases  are  listed  below  : 
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1. 


2030  ft/ sec:  Flade  Cycle  mass  averaged  takeoff  velocity,  Pjyp=2.7, 
Ttp=1381°R  (Figure  2.6-2). 

2.  2796  ft/sec:  core  velocity  at  L1M  Cycle  takeoff  condition,  Pr,p=4.G, 
X5  p=1960°R  (Figure  2.6-3). 

3.  1452  ft/sec:  at  ambient  temperature,  Pr  p = 4.0,  T^p  = 537°R  (Figure  2.6-4). 

For  all  these  cases  some  amount  of  OASPL  reduction  is  observed  for  all  angles.  For 
ambient  temperature  case  the  OASPL  reduction  is  confined  to  the  forward  arc.  PNLT 
reduction  is  relatively  lower  compared  to  OASPL  reduction.  For  2030  ft/ sec  case 
PNLT  levels  with  porous  plug  is  relatively  higher  compared  to  hard  wall  case  at  some 
angles.  This  is  due  to  the  tone  corrections  for  possible  screech  or  shock  noise  spikes. 
Spectral  results  indicate  modest  SPL  reductions  at  mid  to  low  frequencies  and 
predominantly  in  the  forward  quadrant  due  to  porous  plug.  Amount  of  noise 
suppression  seems  to  be  higher  in  the  forward  arc. 

Flight  Data  j .Similar  to  the  static  case,  Normalized  Effective  Perceived  Noise  Levels 
of  the  suppressor  with  hard-walled  plug  and  the  suppressor  with  porous  plug 
(EPNLT),  Peak  PNLT,  Overall  Sound  Power  Levels  (OAPWL),  and  Peak  OASPL  as 
functions  of  jet  velocity  are  compared  in  Figure  2.6-5  with  flight  simulation 
(My =0.32).  In  all  these  comparisons  the  noise  levels  for  the  suppressor  with  porous 
plug  seems  to  be  lower  by  about  I to  2 dB  compared  to  those  for  the  suppressor  with 
hard-walled  plug  for  most  of  the  test  cases. 

To  examine  the  effect  of  porous  plug  in  detail  PNLT  and  OASPL  directivities  and  SPL 
and  PWL  spectra  for  two  different  test  points  with  different  Vj  are  examined.  The 
nominal  velocities,  cycle  condition  definitions,  and  the  corresponding 
aerothermodynamic  conditions  (i.e.,  Nozzle  Pressure  Ratio  Pf-p  and  Total 
Temperature,  Ttjp)  for  these  cases  axe  listed  below  : 

1.  2030  ft/sec:  Flade  Cycle  mass  averaged  takeoff  velocity,  Pr,p=2.7, 
Tt;p=i381°R  (Figure  2.6-6). 

2.  2475  ft/ sec:  core  velocity  at  Flade  Cycle  takeoff  condition,  Pr>p=3.19, 
Tt5p  = 1786°R  (Figure  2.6-7). 
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LEVEL,  dB 


OASPL  directivities  and  (b)  SPL  spectra  for  the  36-chute  suppressor  with 
flight  simulation  (Mp=0.32),  Nominal  Values:  Prp=2.7,  Tt  p=!38!°R. 
Vj)P=2030  ft/sec. 
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shield  flow,  Pr?p  = 3.2,  TtjP  - 1786°R,  PI)S  = 2.14,  Tt>s  = 695°R  (Figure 
2.6-9). 
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peak  PNLT,  and  peak  OASPL  data  as  functions  of  jet  velocity  for  the  0.5“- 
tMck,  220°  wrap  fluid  shield  nozzle  with  flight  simulation  (Mp— 0.32). 
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Figure  2.6-9.  Effect  of  porous  plug  compared  to  hard-walled  plug  on  (a)  PNLT  and 
OASPL  directivities  and  (b)  SPL  spectra  for  the  0.5  "-thick,  220°  wrap 
fluid  shield  nozzle  with  flight  simulation  (Mp=0.32),  Nominal  Values: 
Pr>p=3.17,  Ttsp=1786°R,  Pr>s=1.6,  Tt;S=695®R,  ¥^=2030  ft/sec. 
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plug. 
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NORMALIZED 


Figure  2.7-1.  Comparison  of  normalized  OAPWL  and  OASPL  data  as  a function  of  jet 
velocity  for  the  36-chute  suppressor  with  porous  plug  with  those  of  a 6.54 
irP-  conical  nozzle  at  static  condition. 
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Figure  2.7-2.  Comparison  of  normalized  pseudo  EPNLT  and  PNLT  data  as  a function  of 
jet  velocity  for  the  36-chute  suppressor  with  porous  plug  with  those  of  a 
6.54  i?/-  conical  nozzle  at  static  condition. 
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Figure  2.7-3. 


Comparison  of  PWL  spectra  for  the  36-chute  sup] 
with  those  of  a 6.54  irs^  conical  nozzle  for  four 
static  condition. 


NAS  A/CR— 2005-2 13213 


201 


NAS  A/CR— 2005-2 13213 


202 


2.7-9.  Suppressions  of  about  8 EPNL  dB  is  observed  at  takeoff  and  cutback  conditions. 
Corresponding  peak  PNLT  suppressions  are  about  5 to  6 dB,  which  are  relatively 
lower  compared  to  static  condition. 


It  should  be  noted  that  the  conic  nozzle  noise  levels  (i.e.,  OAPWL,  OASPL,  EPNLT, 


of  FWL  suppression  increases  first  and  then  decreases  with  increasing  frequency  after 
reaching  a maximum  level.  In  fact,  the  PWL  for  the  suppressor  becomes  higher  than 
that  for  the  conic  nozzle  at  higher  frequencies.  The  cross  over  frequency  increases  with 
velocity.  In  general,  the  low  frequency  noise  is  effectively  reduced  by  the  suppressor. 


Figure  2.7-1 1(a)  shows  the  directivity  comparisons  for  PNLT  and  OASPL  between  the 
conical  nozzle  and  the  suppressor  for  a nominal  Vj  of  1811  ft/ sec.  Suppressions  of  as 
high  as  8 PNLT  dB  and  16  OASPL  dB  are  observed  in  the  rear  arc  at  the  same  angular 
locations  of  0 = 150°.  SPL  spectral  plots  for  the  same  condition  are  shown  in  Figure 
2. 7- 1 1(b).  Corresponding  to  peak  PNLT  angle,  spectral  suppression  as  high  as  21  dB  is 
noted  at  a frequency  of  about  160  Hz. 
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Figure  2.7- 
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10.  Comparison  of  PWL  spectra  for  the  36-chute  suppre 
with  those  of  a 6.54  W-  conical  nozzle  at  four  diffei 
flight  simulation  (Mp=0.32). 
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NORMALIZED  SOUND  PRESSURE  LEVEL,  dB 
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Figure  2.7-19.  Comparison  of  (a)  PNTL  and  OASPL  directh 
three  suppressors  with  different  chute  numbers 
at  static  condition. 
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three  suppressors  with  different  chute  numbers  at  a nominal  Vj  =2200  ft/sec 
at  static  condition. 
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Figure  2.7-21.  Comparison 
three  suppres 
at  static  cond 


NAS  A/CR— 2005-2 13213 


NORMALIZED  SOUND  PRESSURE  LEVEL,  dB  NOR 


2400  FT  SIDELINE 


velocity  of  2234  ft/sec.  The  SPLs  at  lower  frequency  are  much  lower  in  the  forward 
arc  compared  to  rear  arc.  At  these  angles  the  OASPL  is  basically  influenced  by  the  low 
frequency  levels  and  that  is  the  reason  why  the  32-chute  suppressor  OASPL  levels  are 
higher  compared  to  other  two  suppressors  at  angles  above  120°.  While  the  low 
frequency  levels  are  the  dominant  contributors  for  OASPL,  their  contributions  are 
minimal  for  PNL  due  to  the  lower  NOY  factors  at  these  frequencies.  This  is  the  reason 
for  such  difference  in  trends  between  OASPL  and  PNL  directivities  at  higher  polar 
angles,  described  earlier.  The  exceptional  low  frequency  performance  of  AMEN 
suppressor  is  most  likely  due  to  the  higher  flow  entrainment  and  the  favorable 
aerodynamic  flow  path.  In  addition,  the  CD  design  of  the  chutes  might  have  reduced 
some  amount  of  shock-associated  noise. 

In  general,  the  36-chute  suppressor  seems  to  be  the  quietest  among  all  three 
suppressors.  The  noise  levels  decrease  with  increasing  chute  number  due  to  the 
decreasing  chute  sizes.  At  lower  frequencies  (less  than  400  Hz)  the  24-chute  suppressor 
has  the  lowest  noise  level.  This  is  most  probably  due  to  the  shallow  flow  path  in  the 
chutes  (ie„,  25°  inclination  compared  to  55°  for  fluid  shield  suppressor),  for  which  the 
flow  might  have  remained  attached  and  generated  less  low  frequency  noise.  For  the 
fluid  shield  suppressor  a shallower  flow  angle  through  the  chutes  may  be  useful  for 
better  noise  suppression. 


2.7.3  Conclusions 

Suppressions  of  about  8 EPNdB  is  achieved  by  the  fluid  shield  suppressor  with  porous 
plug  configuration  at  takeoff  and  cutback  cycle  conditions.  While,  these  noise 
suppressions  are  reasonable,  higher  suppressions  would  have  been  helpful  in  meeting 
the  Noise  requirement  goals.  The  measured  fax-field  noise  due  to  the  suppressor 
contains  some  amount  of  shock  associated  noise  as  evident  from  acoustic,  static 
pressure,  and  shadowgraph  data.  This  noise  could  be  reduced  by  using  CD  chute 
designs  for  takeoff  condition.  In  addition,  the  chute  flow  path  for  this  suppressor  has 
relatively  higher  slope,  due  to  stoability  constraint,  which  might  have  caused  flow 
separation  in  the  secondary  flow  and  caused  noise  increase.  Improvement  on  chute 
suppressor  design  by  optimizing  SAR,  chute  leading  edge  angle,  and  chute  flow  path 
may  contribute  some  more  noise  reduction. 
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other  HSCT  programs,  For  the  first  set  of  data  comparison,  the  conical  nozzle  and 


Also  comparing  at  same  Ym-;X  separates  the  "noise  reduction"  obtained  due  to  nozzle 
design  from  "noise  reduction"  due  to  bypass  ratio  effects. 


NAS  A/CR— 2005-2 13213 


227 


NAS  A/CR— 2005-2 13213 


228 


frr  »:vt-o.ViJ  jla*.  W/ilUJ  U1  a 4V/A  Jt  & SCULAZAAJt  JLji.  IVJLsi  uato.  05 

a function  of  jet  velocity  (a)  at  static  condition  and  (b)  with  flight  simulation 
(Mp=0.32). 
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in  terms  of  EPNLT  data  as  a function 
’p=0.32). 


and  cutback  velocities  of  the  flade  cycle  with  0.5 "-thick  fluid  shield  configuration. 
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While,  0.5 "-thick  fluid  shield  configuration  yields  about  68  Mbs  and  51  Mbs  ideal  gross 
thrust  at  takeoff  and  cutback  conditions,  respectively  (see  Figure  2.8-5),  the  other  two 
shield  configurations  yield  much  higher  thrusts  and.  the  reference  conical  nozzle  and 
suppressor  alone  configuration  yield  lesser  thrust  at  the  corresponding  velocities. 
Alternately,  at  fixed  thrust  conditions  of  68  Mbs  and  51  Mbs,  while  the  Vro]x  for  0.5"- 
thick  fluid  shield  are  2030  ft/ sec  and  1811  ft/ sec,  the  Vm;x  for  other  two  shields  are 
much  lower  in  magnitudes. 

Static  Data  : Results  at  Fixed  Vmjx  : Normalized  PNLT  directivities  are  shown  in 
Figure  2.8-10  at  a fixed  mixed  jet  velocity  of  about  2030  ft/sec,  which  is  the  takeoff 
velocity  for  the  reference  flade  cycle.  Relatively  small  benefit  in  terms  of  PNdB 
suppression  due  to  shield  is  observed.  Normalized  SPL  spectra  at  a number  of  polar 
angles  are  plotted  in  Figure  2.8-11.  Sound  pressure  levels  increase  at  low  frequencies 
and  decrease  at  higher  frequencies  due  to  fluid  shields  compared  to  suppressor  alone 
configuration,  which  is  a direct  consequence  of  the  mean  shear  reduction  by  the  fluid 
shield  stream. 

Normalized  PNLT  directivities  are  plotted  in  Figure  2.8-12  at  a fixed  mixed  jet 
velocity  of  about  1811  ft/ sec,  which  is  the  cutback  velocity  for  the  0.5 "-thick  fluid 
shield.  The  0.75"-thick  fluid  shield  shows  the  highest  amount  of  PNdB  suppression  at 
all  polar  angles.  Normalized  SPL  spectra  at  a number  of  polar  angles  are  plotted  in 
Figure  2.8-13.  Again,  sound  pressure  levels  increase  at  low  frequencies  and  decrease  at 
higher  frequencies  due  to  fluid  shields  compared  to  suppressor  alone  configuration.  The 
high  frequency  suppression  is  much  higher  compared  to  low  frequency  SPL  increase, 
which  resulted  in  a PNLT  reduction  for  all  polar  angles  due  to  fluid  shields. 

Results  at  Fixed  (FGVi  : Unnormalized  PNLTs  are  plotted  in  Figure  2.8-14  with  respect 
to  polar  angle  for  a fixed  (FG)i  of  about  67  to  69  Mbs,  which  is  the  required  ideal  gross 
thrust  for  takeoff  condition.  Substantial  benefit  in  terms  of  PNdB  suppression  due  to 
shield  is  observed.  At  this  condition  the  fluid  shields  of  0.. 75 "-thick  and  1.0 "-thick  give 
more  or  less  same  amount  of  noise  suppression.  Unnormalized  SPL  spectra  at  a number 
of  polar  angles  are  plotted  in  Figure  2.8-15  for  the  same  condition.  Substantial  sound 
pressure  level  decrease  is  achieved  due  to  fluid  shields  compared  to  suppressor  alone 
configuration  for  entire  frequency  range,  which  is  a combined  effect  of  generating  the 
required,  thrust  of  a larger  total  engine  flow  as  well  as  mean  shear  reduction  of  fluid 
shield. 
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polar  angles  (0)  for  a fixed  nominal  mixed  jet  velocity  of  1811  ft/ sec  at  static  condition. 
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Normalized  PNLT  directivities  are  plotted  in  Figure  2.8-20  at  a fixed  mixed  jet 
velocity  of  about  1811  ft/ sec,  which  is  the  cutback  velocity  for  the  0.5 "-thick  fluid 
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6.  Noise  suppression  due  to  fluid  shield  nozzles  in  terms  of  PNLT  directivities  for  a 
fixed  nominal  ideal  gross  thrust  of  51  klbs  at  static  condition. 


0.2 


FREQUENCY,  kHz 

Figure  2.8-17.  Noise  suppression  due  to  fluid  shield  nozzles  in  terms  of  SPL  spectra  at  different 
polar  angles  (0)  for  a fixed  nominal  ideal  gross  thrust  of  51  idbs  at  static  condition. 
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gure  2,8-24.  Noise  suppression  due  to  fluid  shield  nozzles  in  terms  of  PNLT  directivities  for  a fixed  nominal  ideal  gross 
thrust  of  5 1 klbs  with  flight  simulation  (Mp-0.32).  b 
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Figure  2.8-25.  Noise  suppression  due  to  : 
fixed  nominal  ideal  gross  tl 


conditions. 
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which  the  conical  nozzle  was  tested  and  for  which  the  predictions  were  made  earlier. 
The  predicted  and  measured  results  for  conical  nozzle  are  shown  in  Figures  2.8-27  and 
2.8-28,  respectively  for  static  and  flight  conditions.  The  predicted  results  in  terms  of 
normalized  levels  vary  slightly  with  respect  to  the  A8  value,  especially  at  higher  jet 
velocities.  Deviation  of  test  data  from  prediction  is  discussed  in  section  2.5.  Measured 
and  predicted  results  of  appropriate  fluid  shield  will  be  utilized  in  our  subsequent 
presentation. 


Static  Data  : Figure  2.8-29  illustrates  the  noise  benefits  in  terms  of  EPNdB  and  peak 
PNLTdB  realized  by  the  0.75 "-thick  fluid  shield  nozzle  compared  to  the  conical  nozzle 
and  the  suppressor  alone  configuration,  all  being  scaled  to  2165.5  square  inch,  the  full 
scale  area  for  the  0.75 ''-thick  shield  configuration.  Suppression  of  about  3 to  4 EPNdB 
compared  to  the  suppressor  alone  configuration  of  the  same  total  area  is  obtained  in  the 
range  of  60  to  70  Mbs  ideal  gross  thrust.  These  suppressions  illustrate  the  noise 
reduction  benefit  of  splitting  the  total  engine  flow  (core + flade)  into  two  stream  nozzle, 
with  the  core  stream  being  a multi-element  nozzle  and  flade  stream  partially 
surrounding  it  as  compared  to  exhausting  the  total  engine  flow  through  a single  stream 
multi-element  suppressor.  PNLTs  at  three  polar  angles  are  plotted  with  respect  to  ideal 
gross  thrust  in  Figure  2.8-30  for  the  0.75 "-thick  fluid  shield  on  equal  area  basis.  The 
advantage  of  the  fluid  shield  is  clearly  demonstrated  in  these  results. 

Similar  results  for  the  0.5 "-thick  shield,  where,  all  configurations  are  scaled  to  an  area 
of  1813.6  square  inch,  are  plotted  in  Figures  2.8-31  and  2.8-32.  Again,  we  see  the 
benefit  of  the  shield.  It  should  be  noted  that  the  0.5 "-thick  shield  is  effective  in  the 
range  of  50  to  65  Mbs  ideal  gross  thrust  and  the  amount  of  suppressions  are  relatively 
smaller  compared  to  the  0.75 "-thick  shield. 

For  1.0 "-thick  shield,  similar  exercise  is  carried  out  by  scaling  all  the  configurations  to 
2524.7  square  inch  and  the  results  are  shown  in  Figures  2.8-33  and  2.8-34.  Again,  we 
see  the  benefit  of  the  fluid  shield  and  is  effective  in  the  thrust  range  of  65  to  90  Mbs. 

Flight  Data  : Figure  2.8-35  illustrates  the  noise  benefits,  in  terms  of  EPNLT  and  peak 
PNLT,  realized  by  the  0.75 "-thick  fluid  shield  nozzle  compared  to  the  conical  nozzle 
and  the  suppressor  alone  configuration,  all  being  scaled  to  2165.5  square  inch,  the  full 
scale  area  for  the  0.75"-thick  shield  configuration.  Additional  EPNdB  suppression 
(about  4 to  5 EPNdB)  compared  to  the  suppressor  alone  configuration  of  same  total 
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(0)  for  conical  nozzles  wit 
aerothermodynaic  conditions 
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Figure  2.8-30.  Noise  suppression  due  to  G.75"-thick  fluid  shield  nozzle  in  terms  of  PNLT  data  at 
different  polar  angles  (0)  as  a function  of  ideal  gross  thrust  at  static  condition  in  an 
equal  area  basis  of  2165.5  square  inches. 
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Noise  suppression  due  to  0.5"-thick  fluid  shield  nozzle  in  terms  of  PNLT  data  at 
different  polar  angles  (0)  as  a function  of  ideal  gross  thrust  at  static  condition  in  an 
equal  area  basis  of  1813.6  square  inches. 
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Figure  2.8-33.  Noise  suppression  due  to  l.Q"-thick  fluid  shield  nozzle  in  terms  of  (a)  EPNLT  and 
(b)  PNLT  data  as  a function  of  ideal  gross  thrust  at  static  condition  in  an  equal 
area  basis  of  2524.7  square  inches. 
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gure  2-8"34-  suPP^ession  due  to  1 .0  '-thick  fluid  shield  nozzle  in  terms  of  PNLT  data  at 
different  polar  angles  (0)  as  a function  of  ideal  gross  thrust  at  static  condition  in  an 
equal  area  basis  of  2524.7  square  inches. 
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Figure  2.8-35.  Noise  suppression  due  to  0.75"-thick  fluid  shield  nozzle  in  terms  of  (a)  EPNLT  ■ 
and  (b)  peak  PNLT  data  as  a function  of  ideal  gross  thrust  with  flight  simulation 
(Mp=0.32)  in  an  equal  area  basis  of  2165.5  square  inches. 
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conditions  identical  to  the  mixed  conditions  of  the  fluid  shield  nozzle.  For  most  other 
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Figure  2.8-40.  Noise  suppression  due  to  1.0"-thick 
different  polar  angles  (0)  as  a functi 
(Mp=0.32)  in  an  equal  area  basis  of : 
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Figure  2.S-41.  Noise  suppression  due  to  0.75  "-thick  fluid  shield  nozzle  in  terms  of  (a)  EPNLT 
and  (b)  peak  PNLT  data  as  a function  of  mixed  jet  velocity  Vmix  with  flight 
simulation  (Mp=0.32)  in  an  equal  area  basis  of  2165.5  square  inches. 
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shield  is  clearly  identified.  This  is  comparable  with  the  noise  suppression  due  to  an 


ejector  attached  to  a multichute  mixer,  where,  the  noise  benefit  is  examined  with 


respect  to  ideal  core  stream  velocity. 
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Figure  2.8-42.  Noise  suppression  due  to  (a)  0.5 "-thick  (b)  ( 
fluid  shield  nozzles  in  terms  of  EPNLT  dal 
velocity  with  flight  simulation  (Mp=0.32)  in  a 
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spectra  for  the  fluid  shield  configurations  are  compared  with  the  conic  nozzle  and 
suppressor  alone  configuration  at  two  fixed  core  stream  jet  velocities  (i.e.,  Vj  p).  The 
two  fixed  velocities  considered  here  are  about  2198  ft/sec  and  2475  ft/sec,  which 
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nozzles  are  not  axi 

.symmetric.  However,  due  to  small  azimuthal  noise  variation  of  these 

nozzles  (will  be 

shown  later  in  this  report)  the  PWLs  evaluated  on  the  basis  of 

axisymmetry  are 

expected  to  be  reasonably  close  to  the  "real"  values.  Significant 
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it  is  observed  at  higher  freauencies  above  315  Hz.  Again,  the  benefit 

increases  with  increasing  shield  thickness.  At  lower  rrequencies,  below  4UU  Hz,  the 
PWL  levels  for  the  shields  are  higher  compared  to  the  suppressor  alone  configuration 
and  the  levels  increase  with  increasing  shield  thickness.  Normalized  SPL  spectra,  at  a 
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Noise  suppression  due  to  fluid  shield  nozzles  in  terms  of  normalized  (a) 
PHL.T  directivities  and  (b)  pseudo  PWL  spectra  for  a fixed  nominal 
corestream  jet  velocity  of  2198  ft/sec  at  static  condition. 
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corestream  jet  velocity  of  2475  ft/sec  at  static  condition. 
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Figure  2.8-48.  Noise  suppression  due  to  fluid  shield  nozzles  in  terms  of  normalized  SPL 
spectra  at  different  polar  angles  (0)  for  a fixed  nominal  corestream  jet 
velocity  of  2475  ft/sec  at  static  condition 
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EPNLT  and  (b)  peak  PNLT  as  functions  of  corestream  jet  velocity 
flight  simulation  (Mp=0.32). 


NAS  A/CR— 2005-2 13213 


287 


NAS  A/CR— 2005-2 13213 


288 


0,4 


1 


FREQUENCY,  kHz 

Figure  2.8-51.  Noise  suppression  due  to  fluid  shield  nozzles  in  terms  of  normalized  (a) 
PNLI  directivities  and  (b)  pseudo  PWL.  spectra  for  a fixed  nominal 
corestream  jet  velocity  of  2198  ft/sec  with  flight  simulation  (Mp=0.32) 
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spectra  at  different  polar  angles  (0)  for  a fixed  nominal  corestream 
velocity  of 2475  ft/sec  with  flight  simulation  (Mp=0.32). 
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in  section  2.6.  The  thermal  shields  for  the  configurations  are  wrapped  around  the 
suppressor,  as  shown  in  Figure  2.8-55,  by  180°.  compared  to  a 220°  wrap  for  the 
similar  fluid  shield  configurations.  Since,  the  wrap  angles  for  thermal  and  fluid  shield 
configurations  are  not  the  same,  the  data  are  compared  at  the  community  point  only, 
which  corresponds  to  the  mid  point  of  the  shields.  The  thermal  shield  data  with  flight 
simulation  were  processed  including  the  turbulence  absorption.  Therefore,  the  current 
fluid  shield  data  are  also  processed  in  the  same  maimer  for  consistency.  The  results  are 
normalized  for  thrust  and  density. 

The  comparison  of  acoustic  results  between  fluid  and  thermal  shields  are  made  with 
respect  to  PHI.  as  function  of  mixed  jet  velocity  (V m-;x)  at  a number  of  polar  angles, 
OASPL  and  PNL  directivities  and  SPL  spectra  at  a number  of  polar  angles  at  the  same 
nominal  mixed  jet  velocities.  Even  though,  the  mixed  velocities,  in  a comparison,  are 
close  between  the  two  shield  configurations,  their  aerothermodynamic  conditions  are 
not  the  same.  For  thermal  shield  configurations  the  secondary  stream  temperature  was 
much  higher  compared  to  fluid  shield  configurations.  Hence,  for  the  same  mixed 
velocity  the  primary  stream  temperature  and  the  pressure  ratios  for  both  streams  of  the 
fluid  shield  configurations  are  usually  higher  compared  to  those  for  thermal  shield 
configurations. 

0,5"  -Thick  Shield  Data:  Figure  2.8-56  shows  the  comparison  of  PNL  as  a function  of 
mixed  jet  velocity  (Vmjy)  at  a number  of  polar  angles.  Statically  the  PNLs  for  fluid 
shield  are  slightly  higher  at  60°  and  the  trend  reverses  for  the  other  angles.  With  flight 
simulation,  the  PNLs  for  fluid  shield  agree  well  at  60°  and  are  lower  for  other  angles 
compared  to  thermal  shield  results. 

OASPL  and  PNL  directivities  and  SPL  spectra  at  a number  of  polar  angles  at  four 
nominal  mixed  jet  velocities,  1735,  1811,  2030,  and  2087  ft/ sec,  are  compared 
between  0.5 "-thick  thermal  and  fluid  shield  configurations  for  static  as  well  as  with 
flight  simulation  (Mp=0.32). 

Static  Data  : Figures  2.8-57  through  2.8-60  show  the  comparison  of  OASPL  and  PNL 
directivities  and  SPL  spectra  between  fluid  and  thermal  shield  configurations  at  fixed 
nominal  mixed  velocities  at  static  condition.  The  actual  aerothermodynamic  conditions 
of  the  flow  are  indicated  in  the  individual  figures.  The  general  indication  is  that  the 
fluid  shield  configuration  is  quieter  compared  to  thermal  shield  with  respect  to  OASPL, 
PNL,  and  SPL  for  all  the  velocity  conditions. 
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Figure  2.8-59.  Comparison  of  (a)  PNL  and  OASPL  directivities  and  (b)  SPL  spectra  between 
0.5 '-thick  acoustic  fluid  shield  and  thermal  acoustic  shield  configurations  at  a 
nominal  Vmix=2030  ft/ sec  at  static  condition. 
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Figure  2.8-64.  Comparison  of  (a)  PNL  and  OASPL  directivities  and  (b)  SPL  spectra  between 
0.5  -thicK  acoustic  fluid  shield  and  thermal  acoustic  shield  configurations  at  a 
nommal  Vrn;x==2087  ft/sec  with  flight  simulation  (Mp=0.32). 
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Figure  2. 8-67.  Comparison  of  (a)  PNL  and  OASPL  directivities  and  (b)  SPL  spectra  between 
! . 0!: -thick  acoustic  fluid  shield  and  thermal  acoustic  shield  configurations  at  a 
nominal  ¥^=1811  fl/sec  at  static  condition. 


NAS  A/CR— 2005-2 13213 


307 


NORMALIZED  SOUND  PRESSURE  LEV 


Figure  2.8-71.  Comparison  of  (a)  PNL  and  QAS] 
1.0"-thick  acoustic  fluid  shield  an 
nominal  Vrn;x=181 1 ft/sec  with  £i 
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Figure  2.8-  .-2.  Cornp&rison  of  (a)  PNL  and  OASPL  directivities  and  (b)  SPL  spectra  between 
1.0  -thick  acoustic  fluid  shield  and  thermal  acoustic  shield  configurations  at  a 
nominal  Vmix=2030  ft/sec  with  flight  simulation  (Mp=0.32). 
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chute  suppressor  (SAS=3.7)  and  treated  plug  and  ejector  with  mixing  area  ratio, 
MAR,  of  1.2  (Ref.  28).  The  throat  area  of  the  suppressor  was  13.2  square  inches. 

The  2D  mixer-ejector  (termed  as  NRA),  shown  in  Figure  2.8-74,  consisted  of  a 20 
aligned  CD  chute  mixer  with  SAR=2.8  and  a 16.055"  long  treated  ejector  with 
mar =0.95.  Based  on  the  throat  area  (A8)  of  the  mixer  of  22.16  square  inches  and  the 
chute  expansion  ratio  (CER)  of  1.43,  the  mixer  exit  area  is  32.69  square  inches  and  the 
equivalent  mixer  diameter  at  the  throat  becomes  5.31".  The  flaps  and  sidewalls  were 
fully  treated  with  astro-quartz  of  1 lb/ft-3  with  a 37  % porous  faceplate. 

The  results  presented  in  this  section  show  comparisons  of  acoustic  performance  of  three 
fluid  shield  nozzles  of  0.5",  0.75",  and  1.0"  thick  with  the  same  wrap  angle  of  220°, 
the  axisymmetric  mixer  ejector  nozzle  (AMEN),  and  the  2D  mixer  ejector  nozzle.  The 
results  are  scaled  to  an  area  of  1175  square  inches,  extrapolated  to  a distance  of  1629’ 
in  the  community  point,  and  normalized  with  respect  to  thrust  only. 

Static  Data  : Figure  2.8-75  shows  the  comparison  of  EPNLT  and  PNLT  at  a number 
of  polar  angles  between  the  three  fluid  shield  nozzles  and  the  two  mixer  ejector  nozzles 
as  functions  of  core  (primary)  stream  jet  velocity  at  static  condition.  EPNLT  levels  are 
comparable  between  AMEN  and  two  fluid  shield  nozzles  with  0.75”  and  1.0"  thick 
shields  for  entire  velocity  range.  The  0.5 "-thick  fluid  shield  is  relatively  noisier.  At 
lower  velocities,  below  2300  ft/ sec,  the  2D  mixer  ejector  is  quieter  compared  to  other 
configurations.  However,  the  trend  is  reversed  at  higher  velocities.  In  the  forward  arc 
the  PNLTs  for  ejector  mixer  configurations  are  lower  compared  to  fluid  shield  nozzles. 
The  trend  is  reversed  in  the  rear  arc. 

PNLT  and  OASPL  directivities  for  fluid  shield  and  ejector  mixer  nozzles  are  compared 
at  three  nominal  primary  stream  jet  velocities,  2200,  2400,  and  2600  ft/ sec,  in  Figure 
2.8-76.  At  lower  velocities  the  mixer  ejector  nozzles  exhibit  lower  PNLT  and  OASPLs 
in  the  forward  arc.  The  0.75"  and  1.0"  shield  nozzles  axe  of  comparable  PNLT  and 
OASPLs  with  respect  to  mixer  ejector  nozzles  in  the  rear  are.  At  higher  velocity  of 
2600  ft/ sec,  the  0.75"  and  1.0"  fluid  shield  nozzle  exhibit  lower  PNLT  and  OASPLs 
for  all  polar  angles,  except  that  the  levels  at  angles  higher  than  120°  for  AMEN  nozzle 
are  considerably  lower. 
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uid  shield  nozzles,  AMEN,  and  2D  mixer-ejector  nozzle  at  a no 
rj5p=2200  ft/sec  with  flight  simulation  (Mjp=Q.32). 
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with  the  data  obtained  for  the  present  acoustic  fluid  shield  configurations.  For  0.5" 
thick  shields  the  fluid  shield  configuration  is  quieter  compared  to  the  thermal  shield 
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with  respect  to  OASPL,  PM-,  and  SPL  for  all  the  velocity  conditions.  For  1.0”  thick 
shields  both  configurations  exhibit  similar  noise  characteristics. 

5.  Typical  acoustic  results  of  two  mixer  ejector  nozzles,  namely  an  ax$  symmetric 
(AMEN)  and  a 2D,  designed,  fabricated,  and  tested  for  HSCT  exhaust  system,  are 
compared  with  the  fluid  shield  nozzle  results.  EPNLT  levels  are  comparable  between 
AMEN  and  two  fluid  shield  nozzles  with  0.75”  and  1.0"  thick  shields  for  core  stream 
velocity  range  of  2100  to  2600  ft/sec.  At  lower  velocities,  the  2D  mixer  ejector  is 
quieter  compared  to  other  configurations.  However,  the  trend  is  reversed  at  higher 
velocities. 


6.  With  respect  to  FAR  36  Stage  3 noise  requirement  the  best  of  fluid  shield 
configuration  falls  short  of  about  3.5  EPNdB  at  takeoff  with  an  ideal  gross  thrust  of 
about  68  Mbs. 
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Second,  one  of  the  four  aerothermodynamic  parameters,  namely,  P^p,  ^r,s> 

Tj  s»  was  varied  keeping  the  other  three  parameters  fixed,  which  illustrated  the 
influence  of  each  of  these  parameters  on  the  noise  characteristics  of  fluid  shield 
nozzles.  These  test  conditions  are  described  in  section  2.2  and  illustrated  in  Figure  2.2- 
21. 

Normalized  pseudo  EPMLT,  PNLT,  and  SPL  values  are  calculated  for  the  three  fluid 
shield  nozzles  of  thicknesses  0.5",  0.75",  and  1.0"  with  fixed  wrap  of  220°  and  0.6"- 
thick  fluid  shield  nozzle  with  180°  wrap  using  the  acoustic  data  measured  at  0=75° 
(i.e.,  at  community  plane).  All  configurations  were  tested  with  porous  plug.  Keeping 
the  same  linear  scale  factor  the  0.5",  0.75",  and  1.0"  fluid  shield  nozzles  are  scaled  to 
1813.6,  2165.5,  and  2524.7  square  inches,  respectively.  Since  the  0.6 "-thick  fluid 
shield  has  the  same  model  scale  area  (i.e.,  A8= 11.734  in^)  of  that  of  0.5 "-thick,  this 
configuration  is  also  scaled  to  1813.6  square  inches.  All  the  data  are  extrapolated  to  a 
sideline  distance  of  1629  feet  and  are  corrected  for  standard  day  conditions.  Most  of  the 
studies  are  made  utilizing  the  data  for  the  three  fluid  shield  nozzles  with  the  same  wrap 
angle  of  220°. 
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static  condition. 
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5 -thick  fluid  shield  nozzle  at  different 
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Figure  2.9-10.  Normalized  SPL  spectra  at  different  polar  angles  (0)  for  the  LO"- thick  fluid  shield 
nozzle  at  different  Vr  (and  Wr-  for  a fixed  jet  velocity,  Vj^,  of  1811  ft/sec  at 
static  condition. 
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Figure  2.9-14.  Normalized  SPL  spectra  at  different  polar  angles  (0)  for  the  0.5"-tMck  fluid  shield 
nozzle  at  different  Vr  (and  Wr)  for  a fixed  jet  velocity,  of  2030  ft/sec  at 

static  condition.  " 
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FREQUENCY,  kHz 

Figure  2.9-16.  Normalized  SPL  spectra  at  different  polar  angles  (0)  for  the  0.75”-thick  fluid  shield 
nozzle  at  different  V ,•  (and  Wj-)  for  a fixed  jet  velocity,  of  2030  ft/sec  at 

static  condition. 
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The  noise  characteristics  with  respect  to  Vr  and  Wr  are  of  opposing  behavior  to  the  ACfp 


presented  in  Figures  2.9-1  through  2.9-18. 


Since  ¥r  (or  Wr)  increases  with  increasing  Pr5S,  the  variation  of  normalized  PNLT  and 
pseudo  EPNLT  with  respect  to  Pr  s will  be  similar  to  what  is  illustrated  in  Figures  2.9- 
1 through  2.9-18,  that  the  noise  levels  decrease  with  respect  to  Pj-jS,  except  for  a few 
cases,  where  a reverse  trend  is  observed  due  to  further  increase  in  Vr  or  Wr  values 
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RMALSZED  PSEUDO 


FLUID  SHIELD  NOZZLE  TOTAL  TEMPERATURE,  \s  (DEG  R) 


Figure  2.9-24. 


Effect  of  fluid  shield  nozzle  total  temperature,  Tt  s,  on  normalized  peak  PNLT 
normaliz^  pseudo  EPNLT  data  for  fluid  shield  nozzles  for  fixed  Pro=3.2, 
H,p~ 1 800  R,  and  PIjS=2. 14  at  static  condition.  ’R 
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TV  s on  the  Hade  engine  is  relatively  more  difficult.  This  test  series  was  conducted  to 
see  if  there  is  an  potential  benefit  for  varying  TtjS. 


Normalized  PNLT  directivities  for  0.5 "-thick  shield  are  plotted  in  Figure  2.9-25  for 
different  s.  PNLT  at  all  angles  increases  with  Tj  s whereas,  ideal  gross  thrust 
remains  more  or  less  same  for  all  the  cases.  Corresponding  normalized  SPL  spectra  are 


shield  configurations  with  0.75 "-thick  and  1 ,0”-thick  shields  are  shown  in  Figures  2.9- 
35  through  2.9-38.  Similar  to  0.5 "-thick  shield  configuration,  PNLT  at  all  angles 
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nozzle  at  different  TtjS  for  fixed  Pr  n=3.2.  Ti  p=180Q°R,  and  Pr?s=2.14  at  static 
condition. 
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Figure  2.9-30.  Normalized  SPL  spectra  at  different  polar  angles  (0)  for  the  1 XT-thick  fluid  shield 
nozzle  at  different  T*  s for  fixed  Pr  p=3.2,  T*  D=18GG°R,  and  Pr  s=2.14  at  static 
condition.  ’F  ¥ ’ 
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Figure  2.9-1 


nozzle  at  different  Pr>p  for  fixed  T^p-1  800°R.,  Pr<s”2.14,  and  Tt,s=700°R  at 
static  condition. 
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for  fixed  Pr  D=3.2,  Pr  s-2. 14,  and  T( 


nozzle  at  different  T^p  for  fixed  Pr,p=3.2,  PrjS=2.14,  and  T^S=700°R  at  static 
condition. 
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Figure  2.9-44.  Normalized  SPL  spectra  at  different  polar  angles  (0)  for  the  0.75"- thick  fluid  shield 
nozzle  at  different  TV  p for  fixed  Pr  p=3.2.  Pr?s=2.14,  and  T^S=700°R  at  static 
condition. 
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Figure  2.9-47.  Effect  of  velocity  ratio  Vr  on  normalized  PI 
and  EPNLT  for  the  Q.5"-thick  fluid  shield  n< 
1811  fl/sec  with  flight  simulation  (Mp=0.32) 
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Figure  2.9-53. 


■nozzle  at  different  Vr  (and  Wr)  for  a fixed  jet  velocity,  V™  of  2030  ft/sec  with 
flight  simulation  (Mp=0.32). 
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the  0.5 ’'-thick  fluid  shield,  the  PI;p  varied  from  2.43  to  2.36  for  Vmjx=1811  ft/sec 
and  from  3.06  to  3.19  for  Vm|x=2030  ft/sec.  One  may  assume  average  Pr_p  of  2.45 
and  3.2  for  Vmjx  of  1811  ft/sec  and  2030  ft/ sec,  respectively,  as  fixed  values  to  study 
the  effect  of  Pf_s  on  0.5 "-thick  fluid  shield  nozzle  noise  characteristics.  As  mentioned 
earlier,  the  implication  of  this  is  favorable  on  the  Flade  engine,  since  it  would  be 
relatively  easy  to  control  pressure  ratio  of  flade  stream  by  appropriate  design  of  flade- 
tip  and  associated  flade  system,  rather  than  varying  other  parameters.  Hence,  the  tests 
simulated  possible  scenario  on  Flade  Engine.  Hence  the  effect  of  Pr  s can  be 
determined  from  results  of  Vr  and  Wr  studies,  presented  in  Figures  2.9-47  through  2.9- 
54. 

Since  Vr  (or  Wr)  increases  with  increasing  Pr>s,  the  variation  of  normalized  PNLT  and 
pseudo  EPNLT  with  respect  to  Pr  s will  be  similar  to  what  is  illustrated  in  Figures  2.9- 
47  through  2.9-54,  that  the  noise  levels  decrease  with  respect  to  Pr  s. 


Effect  of  Fluid  Shield  Nozzle  Total  Temperature, 


Tests  were  conducted  by  varying  T^s  with  fixed  PV  p—3.2,  T|  p— 1800°R,  and 
Pr  s=2.14.  Variation  of  Tt  s includes  the  nominal  cycle  ■ condition  of  695°R  at  the 
middle  of  the  range  (see  Figure  2.2-21).  Normalized  PNLTs  are  plotted  with  respect  to 
Tj>s  in  Figure  2.9-55  at  different  polar  angles  (0).  Unlike  the  static  test  results,  where 
normalized  PNLT  and  pseudo  EPNLT  increase  with  Tt  s,  the  effect  of  Tl  s is 
insignificant  with  flight  simulation.  Normalized  PNLT  directivities  and  normalized  SPL 
spectra,  for  0 5” -thick  shield  are  plotted  in  Figures  2.9-56  and  2.9-57,  respectively,  for 
different  Tj-_s.  Again,  the  effect  of  T|  s seems  to  be  minimal. 


Effect  of  Primary  Nozzle  Pressure  Ratio, 


Acoustic  results  for  a set  of  tests  are  selected  for  fluid  shield  nozzle  configurations  to 
study  the  effect  of  Pfjp.  In  these  tests  Pr_p  is  varied  from  2.0  to  3.2  (see  Figure  2.2- 
21),  while  the  other  aerotheonodynamic  parameters  are  kept  fixed  (i.e.,  T^p=1800°R, 
PriS”2,14,  and  Tt;S=70Q°R).  Normalized  PNLTs  at  different  polar  angles  (0)  and 
BPNLTs  are  plotted  with  respect  to  Pr_p  in  Figure  2.9-58.  Normalized  PNLT  and 
EPNLT  increase  with  Pr^p,  Normalized  PNLT  directivities  for  0.5"  -thick  shield  are 
plotted  in  Figure  2.9-59  for  different  Prp.  PNLT  at  all  angles  increases  with  Pr>p, 
Corresponding  normalized  SPL  spectra  are  plotted  in  Figure  60,  which  also  indicates 
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nozzle  at  different  TVS  for  fixed  Prsp=3.2,  T^p=i800°R,  and  Pr>s=2.14  with  flight 
simulation  (Mp=0.32). 
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395 


the  similar  tread  at  all  frequency.  It  should  be  noted  that  the  ideal  gross  thrust  increases 
significantly  with  increasing  Pr_p. 


Effect  of  Primary  Nozzle  Total  Temperature,  T^p  x 

Several  tests  were  conducted  for  the  0 5 "-thick  fluid  sWeld  nozzle  configuration  by 
varying  T^p  with  fixed  Pr_p=3,2,  Pr>s=2.14,  and  Tt  S=700°R  (see  Figure  2.2-21). 
Normalized  PNLTs  at  different  polar  angles  (9)  and  EPMLTs  are  plotted  with  respect 
to  T^p  in  Figure  2.9-61.  Except  for  0 = 60°.  normalized  PNLT  increases  with  Tt  p. 
Normalized  EPNLT  also  increases  with  TV;p.  Normalized  PNLT  directivities  for  0.5"- 
thick  shield  are  plotted  in  Figure  2.9-62  for  different  T;_p.  PNLT  at  all  angles  increases 
with  T£jp,  except,  very  little  difference  is  observed  for  T^S=1?B5°E  and 
TUS=1929°R.  Whereas,  the  ideal  gross  thrust  remains  more  or  less  same  for  all  the 
cases.  Corresponding  normalized  SPL  spectra  are  plotted  in  Figure  2.9-63,  which  also 
indicates  the  similar  trend  at  all  frequency.  It  seems  beneficial  from  noise  consideration 
to  operate  the  primary  nozzle  at  lower  temperature. 
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Figure  2.9-62. 


FREQUENCY,  kHz 


Figure  2.9-63.  Normalized  SPL  spectra  at  different  polar  angles  (0)  for  the  0.5"-thick  fluid  shield 
nozzle  at  different  TV  p for  fixed  Pr  p=3.2,  Pr  s=2.14,  and  Tt  S=7O0°R  with  flight 
simulation  (Mp=Q.32jf 
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configuration.  Keeping  the  same  linear  scale  factor  the  0.5",  0.75"  and  1.0”  thick  fluid 
shield  nozzles  are  scaled  to  1813. 5,  2165.5,  and  2524.7  square  inches,  respectively. 


All  the  data  are  extrapolated  to  a Adeline  distance  of  1629  feet  and  are  corrected  for 
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Figure  2.10-1.  Pi  an  view  of  a fluid  sli 
sideline  and  communii 
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Figure  2. 10-2.  (a)  Azimuthal  variation  of  PNLTs  at  different  polar  angles  (0),  peak  PNLT.  and 
pseudo  EPNLT  and  (b)  comparison  of  PNLT  directivities  between  azimuthal 
angles  for  0.5  "-thick  fluid  shield  nozzle  at  static  condition  at  a jet  velocity,  Vmjx 
— -251  ft/sec;  Pfsp=3.17,  PrjS=1.6,  both  streams  being  of  ambient  temperature. 
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Figure  2.10-3.  Comparison  of  SPL  spectra  at  different  polar  angles  (0),  between  azimuth 
angles,  for  0.5  "-thick  fluid  shield  nozzle  at  static  condition  at  a jet  velocity,  Vm 
= 1251  ft/sec;  Pr  p=3.17,  Pr  s=1.6,  both  streams  being  of  ambient  temperature. 
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Figure  2. 10-8.  (a)  Azimuthal  variation  of  PNLTs  at  different  polar  angles  (0),  peak  PNLT,  and 
pseudo  EPNLT  and  (b)  comparison  of  PNLT  directivities  between  azimuthal 
angles  for  0.5  "-thick  fluid  shield  nozzle  at  static  condition  at  a jet  velocity,  Vm;x 
= 1811  ft/sec;  Pr>p=2.46,  Pr>s=1.6,  Tt;P=1806OR,  TtjS=727°R. 
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Figure  2.10-10. 


l^/^Putl:^Jariation  ofPNLTs  at  different  polar  angles  (0),  peak  PNLT,  and 
^ yy  comparison  of  PNLT  directivities  between  azimuthal  angles  for 

shield^nozzle  with  flight  simulation  (MF-0.32)  at  a jet  velocity, 


V, 


mix 


111  ft/sec;  Pr_p=2.39;  PfjS=2.2,  Tt?p=18Q60R,  Tt  S=7270R. 


NAS  A/CR— 2005-2 13213 


412 


Results  At  Vmix  = 2030  ft/sec;  Similar  to  Vm|x=1811  ft/sec  case  tests  were 
conducted  to  generate  Vmjx=2030  ft/sec  with  two  different  fluid  shield  conditions, 
namely  supersonic  shield  (i.e.s  Pr  s=2. 14)  and  subsonic  shield  (i.e.,  Pr  s=1.6),  at 
static  condition.  The  azimuthal  variations  in  terms  of  PNLT,  EPNLT,  and  SPL  are 
relatively  small  compared  to  Vmjx=1811  ft/sec  case  (see  Figures  2.10-12  and  2.10- 
13).  Again,  very  little  effect  is  observed  in  azimuthal  noise  variation  for  subsonic 
shield  also  (see  Figures  2.10-14  and  2.10-15).  With  flight  simulation  the  noise  levels 
are  slightly  decreased  on  the  shielded  side  for  to  supersonic  shield  as  shown  in  Figures 
2.10-16  and  2.10-17. 


2.10.2  Effect  of  Shield  Thickness  on  Azimuthal  Noise  Variation  For  Fluid  Shield 
Nozzles  With  Porous  Plug  ; Fluid  shield  nozzles  with  0.75"  and  1.0"  thick  shields 
were  not  tested  with  indexed  orientation.  Hence,  the  azimuthal  noise  variation  for  these 
nozzles  are  only  derived  for  standard  orientation  cases  for  <J>N  between  19°  and  90°. 
Thus,  the  effect  of  shield  thickness  on  azimuthal  noise  variation  is  examined  with  in  the 
azimuthal  angles  of  19°  and  90°.  In  this  section,  the  comparisons  between  different 
nozzles  are  made  for  fixed  primary  stream  velocity. 


Results  At  Vj^p  = 1345  ft! sec  with  Ambient  Temperature  Conditions:  Figure  2.10-18 
shows  the  azimuthal  variation  of  PNLT  at  different  polar  angles,  peak  PNLT,  and 
pseudo  EPNLT  at  static  condition  for  fluid  shield  nozzles  of  different  thicknesses.  In 
general,  the  1.0" -thick  shield  shows  more  noise  reduction  under  the  shielded  region. 
The  PNLT  directivities  at  various  azimuthal  angles  are  shown  in  Figure  2.10-19. 
Relatively  larger  noise  variation  between  19°  and  90°  is  observed  for  1" -thick  fluid 
shield,  among  the  three  nozzle  configurations.  The  spectral  SPL  plots  at  8 = 120°  and 
90°  are  shown  in  Figure  2. 10-20.  Very  little  SPL  difference  is  observed  with  respect  to 
azimuthal  angle  as  well  as  shield  thickness  at  8 = 90° • However,  at  0 = 120°  the 
spectral  SPL  level  decreases  with  the  azimuthal 'angle,  more  prominently  for  1.0 "-thick 
shield. 


Results  At  Vjfp  = 2198  ft/sec  : This  is  the  cutback  cycle  condition  for  the  Flade  cycle. 
The  corresponding  mixed  velocities  for  the  three  fluid  shield  nozzles  of  0.5",  0.75", 
and  1.0"  shield  thicknesses  are  1811,  1751,  and  1651  ft/sec,  respectively.  Figure  2.10- 
21  shows  the  azimuthal  variation  of  PNLT  at  different  polar  angles,  peak  PNLT,  and 
pseudo  EPNLT  at  static  condition  for  fluid  shield  nozzles  of  different  thicknesses.  The 
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Figure  2.10-15.  Comparison  of  SPL  spectra  at  different  polar  angles  (0),  between  azimuthal 
angles,  for  0.5 "-thick  fluid  shield  nozzle  at  static  condition  at  a jet  velocity 
vmix  = 2030  ft/ sec;  Pr?p=3.17,  Pr>s=1.6,  Tt;p-17860R,  Tt;S=695°R 
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Figure  2.10-18.  Comparison 


AZIMUTHAL  ANGLE  <|>N,  DEGREE 

Comparison  of  pseudo  EPNLT,  PNLTs  at  different  polar  angles  (0),  an< 
PNLT  between  the  fluid  shield  nozzles  with  different  shield  thicknesse 
respect  to  azimuthal  angle  at  static  condition  at  a core  jet  velocity,  Vjp 
ft/sec;  Pr  0=3. 17,  Pr  s=1.6,  both  streams  being  of  ambient  temperature. 
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core  jet  velocity,  Vj  p=1345;  Pr^p— 3.17,  Pr_s— 1.6.  both  streams  being  of 
ambient  temperature.  ’ 
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Figure  2.10-21.  Comparison  of  pseudo  EPNLT,  P'NLTs  at  different  polar  angles  (0),  and  peak 
PNLT  between  the  fluid  shield  nozzles  with  different  shield  thicknesses  with 
respect  to  azimuthal  angle  at  static  condition  at  a core  jet  velocity,  V;  0=2198 
ft/sec;  ?r,p=2.39,  Pr;S=2.2,  TtjP=1806°R,  TtjS=727°R.  J,F 
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Figure  2.10-22.  Comparison  of  PNLT  directivities  between  azimuthal  angles  for  fluid  shield 
nozzles  with  different  shield  thicknesses  at  static  condition  at  a core  jet  velocity 
Vj;P=2198  ft/sec;  Pr?p=2.39,  Pj-;S=2.2,  TtjP=1806°R,  TtjS=727°R. 
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Comparison  of  pseudo  EPNLT,  PNLTs  at  different  polar  angles  (0),  and  peak 
PNLT  between  the  fluid  shield  nozzles  with  different  shield  thicknesses  with 
respect  to  azimuthal  angle  at  static  condition  at  a core  jet  velocity,  Vj>p -24/0, 
Pr  p=3.19,  Pr>s=2.1.4,  TtjP=1786°R,  Tt5S=695°R. 
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Figure  2.10-28.  Comparison 


of  PNLT  directivities  between  azimuthal  angles  for  fluid  shield 


nozzles  with  different  shield  thicknesses  at  static  condition  at  a core  jet  velocity. 


V; 


=2475,  Pr;P=3.!9,  Pr>g=2.1.4,  Tt)P=i7S6°R, 


=695 CR. 


NAS  A/CR— 2005-2 13213 


432 


NAS  A/CR— 2005-2 13213 


434 


NAS  A/CR— 2005-2 13213 


435 


SOUND  POWER  LEVEL,  dB  (NORMAL! 


NOISE  LEVEL,  dB  (NORMALIZE 


.MIXED  JET  VELOCITY,  (FT/S) 

Figure  2.10-33.  Comparison  of  PNLTs  at  different  polar  angles  (0),  peak  PNLT,  and  pseudo 
EPNLT  between  the  sideline  and  community  points  as  a function  of  jet  velocity, 

NASA/CR— ’005-^13^1 3 Vmix  f°1’  °-5""tMck  fluid  s|f)d  nozzie  at  static  condition. 
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Vmlx  for  0.75 "-thick  fluid  shield  nozzle  at  static  condition. 
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Figure  2.10-35.  Comparison  of  PNLTs  at  different  polar  angles  (0),  peak 
JbPNLl  between  the  sideline  and  community  points  as  a fin 
^mix Eo"-thick  fluid  shield  nozzle  at  static  condition. 
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Figure  2. 10-38.  Comparison  of  SPL  spectra  at  different  polar  angles  (0),  between  the  sideline 
and  community  points  for  Q.75"-?hick  fluid  shield  nozzle  at  a jet  velocity, 
ft/sec  at  static  condition. 
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Figure  2.10-41.  Comparison  of  SPL  spectra  at  different  polar  angles  (0),  between  the  sideline 
and  community  points  for  0.5 "-thick  fluid  shield  nozzle  at  a jet  velocity, 
Vmix=2030  ft/sec  at  static  condition. 
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Figure  2.10-43.  Comparison  of  SPL  spectra  at  different  polar  angles  (0),  between  the  sideline 
and  community  points  for  1 .0” -thick  fluid  shield  nozzle  at  a jet  velocity, 
W-2030  ft/sec  at  static  condition. 
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Flight  Simulation  Data  ; Similar  to  static  case,  the  data  with  flight  simulation  are 
presented  in  Figures  2.10-44  through  2.10-54.  These  results  are  obtained  with  a 
simulated  flight  Mach  number  of  0.32.  These  results  show  the  similar  trends  as 
observed  with  static  data. 


Conclusions  : The  most  important  observation  is  that  the  azimuthal  variation  of  farfield 
noise  is  relatively  less  dominant.  The  fluid  shield  with  higher  shield  thickness  is  more 
effective  in  shielding  the  noise.  Azimuthal  noise  variation  is  insignificant  with  subsonic 
shield  flow.  With  flight  simulation  azimuthal  noise  variation  increases  compared  to  the 
static  case.  Spectral  SPL  variation  with  respect  to  azimuthal  angle  is  more  prominent  in 
the  rear  arc. 
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Figure  2. 10-44.  Comparison  of  PNLTs  at  different  polar  angles  (8),  peak  PNLT  and  pseudo 
EPNLT  between  the  sideline  and  community  points  as  a function  of  jet  velocity, 
Ymix  for  0-5"' -thick  fluid  shield  nozzle  with  flight  simulation  (Mp=0.32). 
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Figure  2.10-47.  Comparison  of  PNLT  directivities  between  the  sideline  and  community  points 
for  three  fluid  shield  nozzles  at  a jet  velocity,  V.Tj;x  =1311  ft/sec  with  flight 
simulation  (Mp=0.32). 
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Figure  2.10-48.  Comparison  of  SPL  spectra  at  different  polar  angles  (9),  between  the  sideline 
and  community  points  for  0.5 "-thick  fluid  shield  nozzle  at  a jet  velocity, 
'Vrnix=  1811  ft/sec  with  flight  simulation  (Mp-0.32). 
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Figure  2.10-49.  Comparison  of  8PL  spectra  at  different  polar  angles  (6),  between  the  sideline 
and  community  points  for  0.75 '"-thick  fluid  shield  nozzle  at  a jet  velocity, 
Vmix=181 3 ft/sec  with  flight  simulation  (Mp=0.32). 
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FigUie  2.10-51.  Comparison  of  PNLT  directivities  between  the  sideline  and  community  points 
for  three  fluid  shield  nozzles  at  a jet  velocity,  Vrn;x  = 2030  ft/sec  with  flight 
simulation  (Mp=0.32). 
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Figure  2.10-52.  Comparison  of  SPL  spectra  at  different  polar  anal 
and  community  points  for  0.5  "-thick  fluid  shield 
vmix=2030  ft/sec  with  flight  simulation  (Mp=0.32) 
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Figure  2.  i 0-54.  Comparison  of  SPL  spectra  at  different  polar  angles  (0),  between  the  sideline 
and  community  points  for  1.0"-thick  fluid  shield  nozzle  at  a jet  velocity, 
Vmix=2030  ft/sec  with  flight  simulation  (Mp=0.32). 
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It  is  well  known  that  the  noise  generated  by  a jet  is  considerably  effected  by  flight. 
Full-scale  flight  testing  is  a direct  method  for  obtaining  the  required  levels  without 
using  any  theory  or  intermediate  steps.  However,  full-scale  flight  testing  is  very 
expensive  and  has  other  problems  associated  with  measurement  techniques.  Hence, 
flight  simulation  on  the  ground  for  scale-model  nozzle  is  an  attractive  alternative  to 
assess  the  effect  of  flight  on  jet  noise.  For  the  current  program  tests  were  conducted 
with  flight  simulation  for  a Mach  number  of  0.32  for  all  the  fluid  shield  nozzle 
configurations  including  a single  stream  conical  nozzle  and  36-chute  suppressor  nozzle. 
For  these  tests  a free-jet  is  used  as  a wind  tunnel  to  simulate  the  effects  of  flight  on 
model  noise  sources,  with  microphones  placed  outside  the  free-jet  in  an  anechoic 
environment.  Hence  a flight  transformation  method  is  utilized  to  correct  the  influence 
of  the  free-jet  shear  layer  on  the  transmitted  sound,  since  the  shear  layer  is  absent  in  the 
flight  case.  All  the  results  presented  in  this  section  are  extrapolated  to  a sideline 
distance  of  1629  feet  and  are  corrected  for  standard  day  conditions  of  59°F  and  70% 
relative  humidity. 


Before  describing  the  effect  of  flight  on  the  noise  generated  by  fluid  shield  nozzle 
configurations,  it  is  instructive  to  present  some  results  on  the  effects  of  flight  on  single 
stream  jets  for  convergent  conical  nozzle  and  multi-chute  suppressor  nozzle.  These 
results  are  scaled  to  1175  square  inches. 

Conical  Nozzle  Results  : Figure  2.11-1  shows  the  effect  of  flight  on  PNLT  Levels  at 
various  polar  angles,  peak  PNLT,  and  EPNLT  as  functions  of  jet  velocity  for  a 6.54 
square  inch  conical  nozzle.  Except  for  forward  arc  angles  the  PNLT  levels  are 
decreased  due  to  flight  at  all  jet  velocities.  At  subsonic  jet  velocities  the  PNLT 
reduction  due  to  flight  is  also  observed  at  forward  angles.  Peak  PNLT  and  EPNLT 
levels  reduce  due  to  flight  at  all  jet  velocities.  Similar  trends  are  also  observed  with 
OASPL  at  various  polar  angles,  peak  OASPL,  and  OAPWL  results  with  respect  to  jet 
velocity,  shown  in  Figure  2.11-2. 

PNLT  and  OASPL  directivities  for  four  different  jet  velocity  conditions  are  shown  in 
Figures  2.11-3  and  2.11-4,  respectively.  Both  PNLT  and  OASPL  levels  decrease  with 
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(Mp  =0.32)  on  OASPLs  at  different  polar  angles 
PWL  as  functions  of  jet  velocity,  V:_p  for  a 6.54 


PNLT,  dB 


Figure  2.11-3.  Effect  of  flight  simulation  (Mp=0.32)  on  PNLT  directivities  at  various 
aerothermodynamic  conditions  for  a 6.54  in2  conical  nozzle. 
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Figure  2.11-5.  Effect  of  flight  simulation  (Mp=0.32)  on  (a)  PWL_  spectrum  and  (b)  SPL 
spectra  at  various  polar  angles  (0)  for  a 6.54  irP-  conical  nozzle;  Pr  p = 2.23. 
fLp  =1327°R,  Vj  p =1811  ft/ sec. 
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Figure  2.11-7.  Effect  of  flight  simulation  (Mp=0.32)  on  (a)  PWL  spectrum  and  (b)  SPL 
spectra  at  various  polar  angles  (9)  for  a 6.54  in^  conical  nozzle;  Pr  p = 3.2, 
Tt>p  = 1786°R,  Vjjp  = 2475  ft/sec. 
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Figure  2.11-8.  Effect  of  flight  simulation  (Mp=0.32)  on  (a)  PWL  spectrum  and  (b)  SPL 
spectra  at  various  polar  angles  (0)  for  a 6.54  in^  conical  nozzle;  Pr  p = 4.0, 
Tt>p  = 1960°R,  VjjP  = 2796  ft/sec. 
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Figure  2.11.12.  Effect  of  flight  simulation  (Mp=0.32)  on  OASPL  directivities  at  various 
aerothermodynamic  conditions  for  a 36-chute  suppressor  with  porous  plug. 
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Figure  2.11-14.  Effect  ot  flight  simulation  (Mp=0.32)  on  (a)  PWL  spectrum  and  (b)  SPL 
spectra  at  various  polar  angles  (0)  for  a 36-chute  suppressor  with  porous 
phig;  Pr_p  = 2.7,  TV  p = 1381°R,  Vj_p  = 2030  ft/sec. 
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2.11.2  Dual  Stream  Fluid  Shield  Nozzle  Configurations  with  Porous  Plug  : Effect 
of  flight  on  acoustic  results  in  terms  of  EPNLT,  PNLT,  and  SPL  at  community  plane 
(i.e.,  <(>. = 75°)  for  three  fluid  shield  nozzles  of  0.5",  0.75",  and  1.0"  thick  fluid  shield 
configurations  with  porous  plug,  scaled  to  1813.6,  2165.5,  and  2524.7  square  inches, 
respectively,  are  presented  in  Figures  2.11-17  through  2.11-27.  Figures  2.11-17  through 
2.11-19  show  the  effect  of  flight  on  PNLT  at  various  polar  angles,  peak  PNLT,  and 
EPNLT  as  functions  of  mass  averaged  mixed  velocity  for  the  three  fluid  shield  nozzles, 
respectively.  For  each  configuration  substantial  reduction  of  PNLT  due  to  flight  is 
observed  at  higher  polar  angles.  The  trend  is  reversed  at  lower  polar  angles.  Significant 
reduction  of  peak  PNLT  and  EPNLT  levels  are  achieved  due  to  flight  at  all  mixed 
velocities. 

Effect  of  flight  on  PNLT  directivities  and  SPL  spectra  for  the  three  fluid  shield 
configurations  are  examined  for  two  mixed  velocities,  namely,  1811  ft/ sec  (i.e., 
corresponding  to  cutback  condition)  and  2030  ft/ sec  (corresponding  to  takeoff 
condition).  Figure  2.11-20  shows  the  significant  noise  reduction  in  terms  of  PNdB  at 
higher  polar  angles  for  the  three  fluid  shield  configurations  at  Vmjx=!811  ft/ sec.  At 
lower  angles  the  trend  is  reversed.  Effect  of  flight  on  SPL  spectra  for  each  of  these 
three  nozzle  configurations  are  shown  in  Figures  2.11-21  through  2.11-23  for 
Vmix~  1811  ft/ sec.  Similar  to  conical  nozzle  results,  sound  pressure  levels  reduce 
significantly  at  all  frequencies  at  higher  polar  angles  and  the  reduction  at  lower  polar 
angles  is  observed  for  lower  frequencies  only.  Similar  directivity  and  spectral  results  for 
Vrnix=2030  ft/sec  are  shown  in  Figures  2.11-24  through  2.11-27.  The  effect  of  flight 
simulation  at  Vm|x=2030  ft/sec  is  similar  to  the  results  of  Vmjx=18Il  ft/sec. 

In  general,  the  effect  of  flight  on  farfield  noise  is  similar  for  all  the  nozzle 
configurations,  the  conical  nozzle,  the  36-chute  suppressor,  and  the  fluid  shield 
configurations.  At  the  subcritical  conditions,  the  sound  field  consists  of  pure  jet  mixing 
noise,  and  hence  a reduction  with  flight  simulation  is  observed  at  all  angles.  As  the  jet 
becomes  supercritical,  the  shock  noise  component  is  dominant  in  the  forward  arc,  while 
the  jet  mixing  noise  is  dominant  in  the  rear  arc.  Thus,  with  flight  simulation,  as  the 
mixing  noise  component  reduces  in  level  at  all  angles,  the  shock-associated  noise 
component  becomes  more  prominent  in  the  forward  arc,  and  this  leads  to  smaller  noise 
reductions  at  smaller  polar  angles.  In  fact,  at  very  end  of  forward  arc  the  noise  increases 
with  flight  simulation.  The  shock-associated  noise  increase  with  flight  velocity  is  caused 
by  the  propagation  effects  which  are  present  when  a stationary  sound  source  is 
surrounded  by  a moving  fluid  or  when  a sound  source  is  converted  in  a stationary 
medium.  In  addition,  the  shock  noise  directivity  gets  modified  by  Doppler  shift  due  to 
flight. 
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Figure  2.11-18.  Effect  of  flight  simulation  (Mp=0.32)  on  PNLTs  at  different  polar  angles 
(9),  peak  PNLT,  and  EPNLT  as  functions  of  jet  velocity,  Vmjx  for  0.75"- 
thick  fluid  shield  nozzle  with  porous  plug. 


NAS  A/CR— 2005-2 13213 


481 


NAS  A/CR— 2005-2 13213 


483 


(0)  for  0,5"-thick  fluid  shield  nozzle  with  porous  plug  at  a jet  velocity, 
Vmix^lSll  ft/sec;  Pr;P  = 2.39,  TtjP  = 1806°R,  Pr  s = 2.2,  TtjS  = 727°R. 
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shield  nozzles  with  porous  plug  at  a jet  velocity,  Vmix=2030  ft/sec,  p 
1786°R,  Pr;S  = 2.14,  TtjS  = 695°R. 
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thick  fluid  shield  nozzle  configuration  show  even  smaller  differences  between  the  two 
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procedure  (ii)  the  scale  models  and  the  scope  of  testing  (ill)  key  results 
shadowgraphs,  LV-data  and  PLS,  and  (iv)  our  conclusions  and  recommendations. 
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Figure  3-2.  Model  support  system. 


Figure  3-3.  A close-up  view  of  the  model  fluid  shield  nozzle  installed  in  the  wind  tunnel. 
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shadowgraph  set-up  for  flow  visualization. 


information  about  the  velocity  of  flow,  the  time  of  flight  of  particles  going  from  one 
focal  volume  to  the  other  has  to  be  measured.  Figure  3-9  (a)  shows  schematically  how 
scattered  light  is  imaged  onto  the  photo  multiplier  tubes.  The  photo  multiplier  detects 
the  light  quanta  and  produces  an  electrical  signal.  This  signal  is  further  amplified  and 
connected  to  signal  conditioning  and  timing  electronics  within  the  laser  velocimeter 
electronic  (LVE)  cabinet.  The  L2F  system  can  also  give  a measure  of  the  turbulent 
intensity. 

3.1.5  Planar  Laser  Sheet  (FLS)  System 


A simplified  layout  of  the  planar  laser  sheet  generator  is  shown  in  Figure  3-10.  The  X- 
and  the  Z-axis  galvanometers  are  used  to  obtain  one  planar  laser  sheet  containing  the 
X-axis,  viz. , XY  -plane  or  XZ-plane  etc.  Thus,  if  a plane  transverse  to  the  flow  is  to 
be  illuminated  then  it  can  be  obtained  by  placing  the  x-axis  in  the  transverse  spanwise 
direction;  to  obtain  a vertical  sheet  (YZ)  of  laser-light  this  set-up  was  placed  at  the  top 
of  the  nozzle.  Still  colored  photographs  of  the  flow  visualized  by  the  sheet  of  laser-light 
were  taken  by  a 35  mm  camera.  We  also  took  colored  videos  with  a video  camera 
focused  on  the  laser  sheet  during  the  scanning  part  of  this  experiment  where  the 
location  of  the  laser  sheet  was  varied. 
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The  2D  fluid-shield/suppressor  nozzles  were  designed  and  fabricated  under  Task  Order 
No.  4 of  this  contract  (NAS3-25951)  and  represent  the  take-off  flight  condition.  As 
mentioned  in  the  introduction,  these  are  sub-scale  sector  models  designed  to  represent  a 
2D  "unwrapped"  portion  of  the  full-scale  round  fluid-shield/ suppressor  nozzles.  Each 
sub-scale  model  has  a total  of  five  side-by-side  suppressor  chutes,  a flat  fluid-shield  on 
top  and  a half-wedge  below  to  represent,  respectively,  the  thirty-six  suppressor  chutes, 
the  partially  wrapped  fluid-shield  and  the  axi-symmetric  plug  of  the  full-scale  round 
nozzle.  Figure  3-11  shows  a typical  2D  scaled  nozzle  model  (with  overall  dimensions) 
tested  in  AKL. 

The  baseline  model  configuration  in  the  ARL  test  is  defined  to  have  the  same  non- 
dimensional  parameters  as  in  the  Cell  41  baseline  acoustic  model  and  has  the  following 
nominal  characteristics: 

(i)  Suppressor  Chutes: 

* Core  Expansion  Ratio  (CER)  = 1.0  [Convergent  Core  Flow  Nozzle] 

CER  is  defined  as  the  ratio  of  core  exit  area  to  core  throat  area 

* Suppressor  Area  Ratio  (SAR)  =2.5  [SAR  is  defined  as  the  ratio  of  the  sum 
of  primary  and  secondary  flow  areas  @ chute  exit  to  the  primary  flow  area  @ 
chute  exit.] 

* Suppressor  Chute  Depth  Ratio  (SCD)  = 1 [ See  Figure  3-12  for  definition  of 
SCD.J 

* Chute  Base  Angle  (CBA.)  = 55  deg.  [See  Figure  3-12  for  definition  of  CBA.j 

(ii)  Fluid-Shield: 

* Fluid-Shield  Thickness  (in)  = 0.48  " 

(Hi)  Wedge: 

* Wedge  Surface  Porosity  (WSP)  = 10  % 

* Wedge  Angle  = 15  deg. 

The  parametric  variations  in  the  suppressor  chute  models  have  been  selected  according 
to  the  DOE  (Design  Of  Experiments)  technique.  A summary  of  the  suppressor  chute 
configurations  is  given  in  Table  3.1.  Figures  3-13,  3-14  and  3-15  show  some  of  the 
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CHUTE 


>;  Fluid-shield  thickness,  tn=0.48H  (all  dimensions  arc  in  inches). 
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a = Chute  Model  .Number  (see  iabie  i.i) 
b = % Wedge  Surface  Porosity,  WSP/10 
cd  = 10  x Nominal  Fluid  Shield  Thickness,  tn  (inch) 
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b)  The  primary  or  core  nozzle  pressure  ratio  (Prjp):  2.4  (cut-back  cycle)  and  3.2  (take- 
off cycle). 
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Configuration  # Nomenclature:  abed  e 


a = Chute  Model  Number  (see  Table  3.1) 
h = % Wedge  Surface  Porosity,  WSP/  10 
cd  = 10  x Nominal  Fluid  Shield  Thickness,  tn  (in.) 
e = Variation  in  Operating  Condition 
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shield  flow  structures  have  remained  same.  Also  the  pressure  jumps  on  the  wedge  have 
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Configuration  1110  Vent  Plug  In 
Primary:  Pr  p=3.2,  T^p  = 860°R 
Shield:  Pr)’s=2.2,  Tt)g=56Q°R 

Tunnel  Mach  Number =0.2 
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Figure  3-32  shows  a clos 

se-up  of  the  shadowgraph  with  some  of  the  dominant  visible 

features  labeled  for  convs 

;nience.  (J  = Jet  Border;  S = Shield  Flow  Structures;  E = 

End-Jet  Structures;  T = 

; Top-Half  Structures;  B = Bottom-Half  Structures;  M = 

-traverses  were  tailor-made  according  to  this  shadowgraph  and 

the  traverse  locations  are 

: defined  in  Figure  3-33.  Figure  3-34  shows  a schematic  of 

features  with  some  of  the  LV  traverses  approximately 

nderstandins  of  the  LV  data  to  follow. 

1 

these  traverses  oo  sigmf 

y shocks,  ir  me  rap  in  magmoioe  is  not  accompanied  uy  a 

change  in  flow  angle  then 

the  shock  must  be  locally  normal  to  the  flow  there;  however, 

if  it  is  accompanied  bv 

i sham  change  in  flow  angle  then  the  shock  must  be  locally 

themselves  are  due  to  the 
layers  originating  at  the  i 

reflection  of  two  expansion  waves  from  the  two  vertical  shear 
inder  expanded  jet-nozzle  boundary  intersection.  The  five  dips 

; shock-cells  defined  by  the  five  vertical  white  stripes  Ef , E2, 

ipfa  (also  refer  to  the  full  shadowgraph  (Figure  3-29)).  Thus, 

we  conclude  that  the  vs 

jrtical  white  stripes  parallel  to  the  chute  exit  edges  on  the 

shadowgraph  Ej . B2..  By 

, etc.  are  features  of  the  end-jet  shock-cell  structures  not  to  be 

confused  with  the  main 

central  jet  shock-cell  structures.  Other  points  to  note  in  the 

end-jet  shock  structure  as 

re  the  expected  decrease  in  "shock-cell  length*'  as  we  proceed 

ay  of  the  average  centerline  velocity  due  to  the  growing  and 

convoluting  shear  layer 

potential  core. 
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LV  Tra 
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(center-line  of  end-jet) 


FLOW  ANGLE,  DEG.  VELOCITY,  FT/SEC 


DISTANCE,  INCH 


Figure  3-35.  Mean  velocity  distribution  for  line  # 2 in  planes  A and  D (see  Figure  3-33)  for 
configuration  # 4110  (i.e.,  convergent  nozzle,  SAR— 2.9,  10%  porous  wedge, 
tn  =0.983",  Mwf^O.2,  Pr>p=3.2,  TtjP=860°R,  PrjS=2.2,  and  Tt,s=560°R) 
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structure  downstream. 


LV-traverses  on  line  3 in  primary  flow  and  secondary  flow  region  (i.e.,  on  planes  A 
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Mean  velocity  distribution  for  line  # 2 in  planes  A,  B and  C (see  Figure  3-33)  for 
configuration  # 4110  (i.e.,  convergent  nozzle,  SAE.=2.9,  10%  porous  wedge, 
tn  =0.983",  Mm=0.2,  Pr)p=3.2,  Tt;P=860<>R,  Pr>s=2.2,  and  Tt5s=56Q°R). 


DISTANCE,  INCH 

-37.  Mean  velocity  distribution  for  line  # 3 in  planes  A and  C (see  Figure  3-33)  for 
configuration  #4110  (i.e.,  convergent  nozzle,  SAR-2.9,  10%  porous  wedge, 
tn=0.983",  M^Q.2,  Pr)p=3.2,  Ttp=860°R,  PrjS=2.2,  and  Tt)S=560°R). 
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We  show  in 

Figure  3-39  the  striking  difference  in  the  angularity  of  mean-velocity 

vectors  in  th 

5 primary  plane,  A,  and  the  secondary  plane,  C,  for  vertical  traverses 

6,7,8,  and  9 

it  varying  downstream  distances.  (The  vectors  are  centered  on  the  traverse 

locations  and 

the  horizontal  axis  in  this  figure  is  the  top  wedge-surface.)  Note  that  the 

primary  flow 

is  divergent  between  the  wedge-surface  and  a horizontal  line  through  the 

top  chute-lip. 

The  mixing  of  both  the  flows  with  the  ambient  flow  of  Mach  No.  0.2  is 

also  ouantitati 

velv  caotured  in  this  figure. 

lit  Full 

and  the  two  flows  on  either  side  (traverses  P,  Q,  R,  and  S)  is  captured  in  Figure  3-40 
for  mid-chute  height  and  various  downstream  locations.  (The  local  peaks  and  troughs 
appear  to  be  superficial  manifestations  of  the  interpolating  curve-fitting  routine.)  As 
mentioned  earlier,  the  axial  vorticity  thus  generated  is  enhancing  the  mixing  between 


me  primary  ti 

ow  and  the  shield-flow  passing  through  the  chutes  apart  from  the  mixing 

caused  by  ve 

rtical  shear  layer  vorticity  (present  due  to  the  difference  in  horizontal 

■Hi 

BigU 

the  fairly  good  similarity  of  flows  between  neighboring  chutes  near  the  central  vertical 
plane  of  the  nozzle.  Thus  we  can  presume  that  the  flow  structures  axe  similar  from  one- 
chute/ one-core  passage  to  the  next  one,  except,  as  noted  before,  for  those  at  the  end- 


chute/one-con 

s passage  to  the  next  one,  except,  as  noted  before,  for  those  at  the  end- 

an©e&  smicsures  : figures  j-4i  ana  J-4Z  snow  the  mean  velocity 

distributions  a 

nd  angles  inside  the  shield  flow,  respectively,  along  axial  lines  4 and  5 

for  planes  A i 

ind  C which  are  coincident  with  the  primary  and  the  chute  center  lines. 

Immediately  a 

pparent  is  the  shock  structure  near  1.4"  in  both  planes  A and  C.  These 

dips  seem  to  < 
Figure  3-32). 

correspond  to  the  location  of  shock-surface  84  in  the  shadowgraph  (see 
Note  that  the  distortions  in  the  shadowgraph  make  it  difficult  to 

precisely  local 

:e  the  chute-edge  or  the  shield-lip  edge  so  that  axial  distances  cannot  be 

precisely  mea 

However,  all 

evidence  seems  to  be  in  favor  of  a further  downstream  Inontinr# 

NASA/CR— 2005-2 13213 


552 


secondary  plane  (see  Figure  3-33)  for  configuration  # 4110  (i.e.,  convergent  nozzle,  SAR-2.9, 
10%  porous  wedge,  tn  =0.983",  MV-=C\2.  Pj-5p~3.2,  Tt_p~860cR.  Pf.s=2.2.  and  r^s=56Q-°R). 
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SPANWISI 

:ributions  for 

containing  line  # 2 (see  Figure  3-33)  for  configuration  #4110  (i.e.,  convergent  nozzle,  SAR=2.9, 
10%  porous  wedge.  tn  =0.983",  Mwt=0.2,  Pr?p=3.2,  TtjP=860°R,  Pr?s=2.2,  and  TtjS=560°R). 
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DISTANCE,  INCH 


-41 . Mean  velocity  distribution  in  the  shield-flow  for  line  # 4 in  planes  A and  C (see  Figure 
3-33)  for  configuration  #4110  (i.e.,  convergent  nozzle,  SAR=2.9,  10%  porous 
wedge,  ?E  =0.983",  MM=0.2,  Pr_p=3.2,  Tt>p=860°R,  PrjS=2.2,  and  Tt,s=560°R). 
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Figure  3-42. 


DISTANCE,  INCH 

Mean  velocity  distribution  in  the  shield-flow  for  line  # 5 in  planes  A and  C (see  Figure 
3-33)  for  configuration  # 4110  (i.e.,  convergent  nozzle,  SAR=2.9,  10%  porous 


wedge,  tn =0.983",  M^-0.2,  Pr  p-3.2,  T^p- 


and  Tf  C=560°R) 
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(line  4 vs  line  5 velocity  dip  and  angular  deflection  magnitudes  at  around  1.5").  Hie 
decay  on  line  5 at  around  2.25"  in  Figure  3-42  is  due  to  tills  line  piercing  the  shear 
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Figure  3-33)  for  configuration  # 41 10  (i.e. , convergent  nozzle,  SAR=2,9,  10%  porous 
wedge,  tn  =0.983",  M^O.2,  PrjP=3.2,  Tt5p=860°R,  Pr5S=2.2,  and  Tt5S=560oR). 
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known,  this  is  of  course  prevented  by  the  formation  of  a shock  wave  which  is  the 
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Figure  3-48.  Shadowgraph  for  Configuration  # 1 105F  (i.e.,  convergent  nozzle,  SAR=2.5,  10% 
porous  wedge,  ^ =0.5",  Mwt=0.2,  Pr>p=3.2,  Ttp=86Q0R,  Prs=2.2,  and  Tt5g=560°R). 


1200  1600  2000  1200  1600  2000 


Figure  3-50.  Mean  velocity  LV-data  at  different  spanwise  locations  on  the  XZ  plane  at  #1  (see 
Figure  3-49)  for  Configuration  # 1105F  (i.e..  convergent  nozzle,  SAR-2.5,  10% 
porous  wedge,  tn=Q.5",  Mwt=0.2.  Pr?=3.2,  TtjP=860°R,  Pr_s=2.2.  and  1^=5  6Q°R}. 
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Figure  3-52.  Mean  velocity  vector  plots  for  vertical  traverses  (see  Figure  3-49)  for  Configuration  # 1 105F  (i.e.,  convergent  nozzle,  SAR-2.5, 
10%  porous  wedge.  tn  -0.5",  Mw1=0  2,  Pr  -=3.2,  T{  D-860°R,  Pr  s=2.2,  and  T,  S=560°R) 


Figure  3-49)  of  Configuration  # 1 105F  (i.e.,  convergent  nozzle,  SAR-2.5,  10%  porous 
wedge.  t»j=0.5",  MWf=0.2,  Pr_ p—3.2,  T^p=860°R,  Pr^s=2.2,  and  T^s— 560°R). 
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lowering  the  shield  nozzle  pressure  ratio: 
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CIT 


r,s  Uil  utCtta  vciuuuy  distributions  at  different  spanwise  locations  on  the  XZ 
plane  at  traverse  #1  (see  Figure  3-49)  for  Configuration  #1105  (re.,  convergent  nozzle 
bAR-2.5,  10%  porous  wedge,  tn=0.5",  Mwt=0.2,  Pr  p=3.2,  TtjP=860OR,  and  Tt)S=560°R).’ 
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shock  A is  considerably  decreased.  (See  Figure  3-58  where  comparison  of  LV  traverses 
between  configurations  # 11Q5F  with  convergent  core  flow  path  and  # 5 105 A with  CD 


spacing  between  these  shocks  (or  the  "shock-cell  spacing")  also  appears  to  have 


decreased. 
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Config.  # | Primary  Flow  Shock  Secondary  Flow  Shock 


1 

Location 

Strength* 

Location 

Strength* 

1 

Inches  % h 

VI 

DV 

DV/V1 

Inches  % h 

VI 

DV 

DV/V1 

1 

2010  | 

1.35 

79  % 

1950 

790 

40  % 

0.9  53  % 

1270 

220 

17% 

4110  | 

0.75 

44  % 

1870 

200 

11  % 

0.75  44  % 

1350 

300 

22% 

* VI,  DV  in  ft/s  and  shock-strength  here  is  based  on  DV/V1  for  simplicity 
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following  features: 
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configuration  #3010  with  stream  seeding  in  the  shield  flow  at  static 
condition;  Pr  n=3-2,  Pr  s=2.2,  Tf-  n=68°F,  and  T^S=48°F. 


NAS  A/CR— 2005-2 13213 


584 


Figure  3-61.  Laser-light-sheet  visualization  in  the  forward-looking-aft  plane  for  configuration  #3010  with  stream 
seeding  in  the  shield  flow  at  static  condition;  Pr  p=3.2,  Pr?s=2.2,  T^p=68°F,  and  T\)S=48°F. 
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round  nozzles  still  holds. 
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Spilling  over  of  shield  flow 
into  the  chutes 


-62.  Model  of  vortex-sheet  visualization  in  the  lasei 


which  consume  the  end-jets  very  rapidly. 
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APPENDIX  A - LIST  OF  SYMBOLS 
a = Local  Speed  of  Sound  ft/sec 

A i = Elemental  projected  area  in  axial  direction  for  the  static  pressure  PSj  in  sq.  inch 

A8  = Primary  stream  throat  area.  sq.  inch 

A98  = Fluid  shield  throat  area  for  takeoff  condition,  sq.  inch 

Aj  = Cross-sectional  area  of  the  jet 

AMEN  = Axisymmetric  Mixer  Ejector  Nozzle 

a0  = Ambient  Speed  of  Sound  ft/sec 

CBA  = Chute  Base  Angle 

CER  = Core  Expansion  Ratio 

Cfg  = Nozzle  gross  thrust  coefficient 

Deq  = Equivalent  diameter,  in 

= Slant  distance  of  the  wedge  from  the  chute  exit  plane  for  2D  models 
EPNL  = Effective  Perceived  Noise  Level  based  on  PNL,  dB 
EPNLN  = Normalized  Effective  Perceived  Noise  Level  based  on  PNL,  dB 
EPNLT  = Effective  Tone  corrected  Perceived  Noise  Level  based  on  PNLT,  dB 
EPNLT  = Effective  Tone  corrected  Perceived  Noise  Level  based  on  PNLT,  dB 
EPNLTN  = Normalized  Effective  Tone  corrected  Perceived  Noise  Level  based  on  PNLT,  dB 
(FG)j  = Ideal  gross  thrust  in  lbs 
f = Frequency,  Hz 
FLSH  = Fluid  Shield  Nozzle 
Fref  = Reference  Gross  Thrust,  60000  lbs 
GEAE  = General  Electric  Aircraft  Engines 
HSCT  = High  Speed  Civil  Transport 
I = Noise  source  intensity 
L = Plug  Length,  in 
Mc  = Convection  Mach  number 
Mp  = Simulated  flight  Mach  number 
MGB  = Noise  prediction  method  by  Mani  Gliebe  and  Balsa 
Mj  = Local  jet  Mach  number  (Vj/a) 

'-'-mix  = vmix/ao 

MS  = Noise  prediction  method  by  Motsinger  and  Sieckman 
n = Jet  velocity  exponent 

NASA  = National  Aeronautics  and  Space  Administration 
NF  = Total  normalization  factor  with  respect  to  thrust  and  density 
{-10  Log  «FG)i/Fref)  ( p/  p0)®  -1,  dB} 
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NFth  = Normalization  factor  with  respect  to  thrust  {-10  Log  ((FQ)j/Fref).  dB} 
NPR  = Nozzle  Pressure  Ratio 

NRA  = 2D  Mixer-ejector  nozzle  designed  under  NASA  Research  Announcement 

OAPWL  = Overall  Sound  Power  Level,  dB 

OAPWLN  = Normalized  Overall  Sound  Power  Level,  dB 

OASPL  = Overall  Sound  Pressure  Level,  dB 

OASPLN  = Normalized  Overall  Sound  Pressure  Level,  dB 


Famb  = Ambient  pressure 

PNL  = Perceived  Noise  Level,  dB 

PNLN  = Normalized  Perceived  Noise  Level,  dB 

PNLT  = Tone  corrected  Perceived  Noise  Level,  dB 

PNLTN  = Normalized  Tone  corrected  Perceived  Noise  Level, 

Pr5p  — Primary  or  core  stream  nozzle  pressure  ratio 

pr,mix  = Mixed  nozzle  pressure  ratio 

Pr,  s = Secondary  or  fluid  shield  stream  nozzle  pressure  ratio 

Pr  = Single  stream  nozzle  pressure  ratio  (same  as  Pr,p) 

PSck  = Static  pressure  on  chute  surface 
PS;  = Static  pressure  measured  by  the  ith  tap 
PSp]  = Static  pressure  on  plug  surface 

p = Total  pressure  in  primary  or  core  stream 
PWL  = Sound  Power  Level,  dB 
PWLN  = Normalized  Sound  Power  Level,  dB 
R = Radial  location  of  static  pressure  tap  on  suppressor  chute 
RCi  = Suppressor  inner  radius,  inch 
Rq0  = Suppressor  outer  radius,  inch 
RH  = Relative  Humidity,  % 

SAE  = Society  of  Automotive  Engineers 

SAR  = Suppressor  Area  Ratio 

SCD  = Suppressor  Chute  Depth  ratio 

SHpar  = Shock  Strength  Parameter  (10  LOGjq[£]) 

SPL  = Sound  Pressure  Level,  dB 

SPLN  = Normalized  Sound  Pressure  Level,  dB 

THSH  = Thermal  Shield  Nozzle 


tn  = Shield  thickness,  in 
TOGW  = Takeoff  Gross  Weight 

Ttjp  = Primary  or  core  stream  nozzle  total  temperature  in  degree  R 

Tt;S  = Secondary  or  fluid  shield  stream  nozzle  total  temperature  in  degree  R 
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Tj  = Single  stream  nozzle  total  temperature  in.  degree  R (same  as  T;  p) 

Uc  = Convection  velocity 

Vj^p  = Ideal  Nozzle  Exhaust  Velocity  for  primary  (core)  stream  ft/ sec 
Vj  s = Ideal  Nozzle  Exhaust  Velocity  for  secondary  (flade)  stream  ft/ sec 
Vj  = Ideal  Exhaust  Velocity  for  single  stream  nozzle  ft/ sec  (same  as  Vj?p),  also  jet  velocity 
Vmix  = (vj.p  • wp  + vj,s  • Ws)  / (Wp  + Ws)  = Mass  averaged  mixed  velocity 
Vpar  = 10  LOG10[Vmix/ao] 

Vr  = VjjS  / Vj_p  = Velocity  ratio 

Wp  = Mass  Flow  Rate  for  primary  stream  lbs/ sec 

Wr  = Ws  / Wp  = Mass  flow  ratio 

Ws  = Mass  Flow  Rate  for  secondary  stream  Ibs/sec 

X = Axial  distance  for  the  plug  for  acoustic  models,  Also  spanwise  coordinate  for  2D  models 
Y = Vertical  coordinate  for  2D  models  at  the  chute  exit  plane 
y = Vertical  coordinate  for  acoustic  models 
Z = Axial  distance  for  the  wedge  for  2D  models,  in 
o = Density  exponent,  2 for  high  velocities  (Ref.  13) 

0 = Angle  to  Inlet  or  Polar  Angle,  degree 

4>  = Azimuthal  angle  for  traversing  microphone  array  in  Cell  41 

vj/  = Azimuthal  locations  for  suppressor  instrumentation 

£,  = Chute  Base  Angle 

p = Jet  density 

y = Specific  heat  ratio 

ACfg  = Correction  factor  to  the  gross  thrust  coefficient  in  % due  to  the  drag  or  thrust 
contributions  by  the  relative  pressure  distributions  on  plug  and  chute  surfaces 
c()N  = Azimuthal  angle  for  fluid  shield  nozzle 
p0  = Ambient  Density  of  Air 
(j)s  = Shield  wrap  angle  in  degrees. 

(ACfg)ca  = average  ACfg  for  the  chutes  = [<j)s  (ACfg)cs  + (360  -<j>s  ) (ACfg)cuj/360 
(ACfg)cs  = ACfg  for  the  shielded  chutes 
(ACfg)cu  = ACfg  for  the  unshielded  chutes 

(ACfg)f-s  = Relative  ACfg  due  to  flight  simulation  = [(ACfg)tjfjjgfot  - [(ACfg^t]  static 

(ACfg)pa  = Average  ACfg  for  the  plug 

(ACfg)pc  = ACfg  for  the  plug  evaluated  by  cold  flow  row  data 

(ACfg)ph  = ACfg  for  the  plug  evaluated  by  hot  flow  row  data 

(ACf0)t  = Total  ACfg  for  the  plug  and  chutes  = (ACfg) pa  + (ACfg)ca 

B = DVimix2 
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This  appendix  contains  some  acoustic  test  results  in  tabular  form  for  conical  nozzle, 
suppressor  alone  configurations,  and  the  three  fluid  shield  configurations  with  different 
thicknesses  of  same  wrap  angle  of  220°.  For  each  case  the  actual  aerothermodynamic 
conditions  and  some  acoustic  data  are  presented.  The  acoustic  data  includes  EPNLT 
and  PNLT  at  polar  angles  of  50,  60,  80,  90,  130,  and  150  degrees  and  the  maximum 
(represented  by  "max")  levels.  Both  normalized  (i.e.,  EPNLTN  and  PNLTN)  and 
unnormalized  values  are  listed  in  these  tables.  All  the  acoustic  data  corrected  to  the 
standard  day  conditions  of  59°  F and  70%  relative  humidity,  extrapolated  to  1629' 
distance  and  scaled  to  A8  = 1175  sq"  (i.e.,  core  stream  full  scale  area)  for  conical 
nozzle  and  suppressor  alone  configurations  and  to  Ay  (i.e.,  total  throat  area, 
A8+A98),  as  specified  in  the  data  tables,  for  fluid  shield  nozzle  configurations. 
Turbulence  correction  is  not  applied  to  the  flight  simulated  data.  Following  are  the 
definition  of  the  variables  used  in  the  data  tables: 

Pr,p  = Primary  or  core  stream  nozzle  pressure  ratio 
Tt  p = Primary  or  core  stream  nozzle  total  temperature  in  degree  R 
Wp  = Mass  Flow  Rate  for  primary  stream  Ibs/sec 
Vpp  = Ideal  nozzle  exhaust  velocity  for  primary  (core)  stream  ft/ sec 
Pr  s = Secondary  or  fluid  shield  stream  nozzle  pressure  ratio 
T*  s = Secondary  or  fluid  shield  stream  nozzle  total  temperature  in  degree  R 
Ws  = Mass  flow  rate  for  secondary  stream  Ibs/sec 
VpS  = Ideal  nozzle  exhaust  velocity  for  secondary  (fiade)  stream  ft/ sec 
Vjnix  = Mass  average  or  mixed  ideal  nozzle  exhaust  velocity  ft/ sec 
= (Vj?p  . Wp  + Vj;S  . Ws)  / (Wp  + Ws) 

Vr  = Velocity  ratio  = Vj_s  / Vj_p 

Wr  = Mass  flow  ratio  = Ws  / Wp 

Tsr  = Static  temperature  ratio 

Vpar  = Velocity  parameter  = 10  LOG  ] q[  Vm jx/ a0] 

where,  a0  = Ambient  Speed  of  Sound  ft/ sec 

(FG)j  = Ideal  gross  thrust,  Mb  . 

SHpar  = Shock  strength  parameter  =10  LOG]q[B] 
where,  6 = -1]  ^ and  = Vm^/a^ 
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CONICAL  NOZZLE  DATA  AT  A SIDELINE  DISTANCE  OF  1629',  A8=  1 175  SQ 
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DATA  FOR  THE  SUPPR.ESSQRE  ALONE  WITH  HARD  PLUG  AT  A SIDELINE  DISTANCE  OF  1629',  A8  = S 175  SQ 
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DATA  FOR  0.5 "-THICK,  220°  FLUID  SHIELD  NOZZLE  WITH  HARD  PLUG  AT  A SIDELINE  DISTANCE  OF  1629' 
A8“ 5 175  SQM»  A98=638.6  SQ ",  AT=  1813  SQ”,  AT  SIDELINE  POINT  AT  STATIC  CONDITION 
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DATA  FOR  0.5 "-THICK,  220°  FLUID  SHIELD  NOZZLE  WITH  HARD  PLUG  AT  A SIDELINE  DISTANCE  OF  1629 
A8  = 1 175  SQ",  A98 “638.6  SQ",  AX=18I3  SQ",  AT  SIDELINE  POINT  WITH  FLIGH  T SIMULATION  (Mp=0.32) 
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DATA  FOR  0,5 "-THICK,  220°  FLUID  SHIELD  NOZZLE  WITH  POROUS  PLUG  AT  A SIDELINE  DISTANCE  OF  1629’, 
A8—  1 175  SQ",  A98  = 638.6  SQ",  Ax=  1813  SQ",  AT  SIDELINE  POINT  AT  STATIC  CONDITION 
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DATA  FOR  0.75  "-THICK,  220°  FLUID  SHIELD  NOZZLE  WITH  POROUS  PLUG  AT  A SIDELINE  DISTANCE  OF  1629' 
A8  = 1 175  SQM,  A98=990.5  SQ",  Ax-2165.5  SQ%  WITH  FLIGHT  SIMULATION  (Mp=0.32) 
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DATA  FOR  1.0 "-THICK,  220°  FLUID  SHIELD  NOZZLE  WITH  POROUS  PLUG  AT  A SIDELINE  DISTANCE  OF  1629' 
A8=1175  SQ",  A98  — 1349,7  SQ",  Ax=2524.7  SQ",  WITH  FLIGHT  SIMULATION  (MF=0.32) 


hi  hi  C\J  *- 
nO  sS*  sS*  -sf 


N2-  NO 
•st  -s?  -4-  -<r 


o o o o 


CQ  CM  vO  LA 

cm  in  *4-  co 


o «-  CM 

(SIS 

NOOK) 


O N v£5  1ft 
o o o 


COMOO 


M N CO  -4 

O CA  O O' 


ONOlA 
r-  O O O 


vS-N.rv.Kj 

oooo 


O'  «-*  in  N 
sr  hi  c\j  no 


f\J  <r-~  v$-  n 
O N!  (\i  vD 


KNCCA! 


N 4 St  A! 

o o o o 


hi  jo  o o 


<5  r-  <*—  O' 
O O O O' 


N 4 r-  O 

eo  in  in  vO 


o o o o 


N v5-  r\J  o 
SMAIA'O 


o o o o 


hi  so  -4-  -4- 


O'  in  vO  in 
o o o o 


Q N s£>  m 
t-  o o o 


4 fVJ  K)  CM 


co  in  in  in 
o o o o 


cm  eo  N o 


o m sO  an 

<r-  O O Q 


£*«« 

-8  z 

WJ 

^ 2 


^ w 

• S 
. 53 

« ^ 


*4-  vO  SO  4* 
o r-  T~  in 
4 CO  CO  o 


sG  4 4 <5 
NMNAl 
CM  hi  CM  hi 


O'  o in  N 
MO  CO  4 

hi  ' O AJ'O 
4 4 St  4 

eo  co  oo  co 


4 in  aj  o 

O N O f\l 
•vO  N-  sO  N 


4 0 4 0 
CM  <e~  OJ 


CM  CM  CM  CM 


sO  co  un  eo 

K)  <r-  r-  m 
O CO  CO  VO 


o . . . . 

0*4  so  O'  CO  CO 

. M\J  MV 

P**  cm  hi  cm  hi 


DN'OON 

eo  cm  in  hi 
2 0>0«“K) 
^ co  so  co  co 


\Z  in  eo  >0  O' 
C O'  CM  O'  CM 
sG  N s0  N 


hl  O 4 O' 

r-  (V  r-  r- 


oj  rv  rv  rv 


o H 
an 


m 

© r 

5*1 

< 


N >3-  O'  CO 


CO  vt  4 CN 

o o o o 


O'  CO  St  K 


vO  r\i  hi  s~ 
o o o o 


CO  O'  o o 


o in  \0  4 

<r-  O O O 


O (V  f“  v— 

ST'CNM 
O O'  O'  O' 


JC'OO'4 


N hi  hi  O 

o o o o 


>4-  N m NO 


O'  st  in  M 

o o o o 


CO  O'  CO  O' 


o in  in  hi 
«-  o o o 


n ia  eo  <> 


CO  hi  hi  CM 

o o o o 


O'  hi  N.  o 


O CM  CM  CM 

o o o o 


o 'O  in  st 
«-  o o o 


4 O N O 


St'O'OCV 
O O'  O'  O' 


St  N N CM 


>C  O O N 
O O O O' 


m r-  4 vt 


00  St  4 M 

o o o o 


o 4 in  >4 
*—  o o o 


NO  CO  CO  r- 

vd  m O'  o 

4 4 4 CM 

'* — CM  CM  CM 


CM  CO  CM  CO 

hi  m co  o 

N-  St  St  CM 
CM  CM  CM  CM 


CO  M O O 


eo  m st 
o o o o 


C0  CM  CM  <T- 

o o o o 


r-  O CJ  St 

N o m o 

N CO  in  N 
M st  N O 
N O 'O  in 


«-  in  N N 
CM  O O O' 
in  co  co  N 


O O'  CM  «“ 
hi  O CM  4 


4 hi  hi  CM 


sn  N N O' 
in  O'  N N 

eo  vO  N in 
4 N O 
O'  O 'O  in 


O'  so  N 'O 
CO  O €0  O 
N CO  N CO  sg 

V—  V—  T—  £}_ 

m 

m C0  «“*  «e— 

MO  AI4  O 

4 hi  hi  CM  fe. 


© 

3S 

a—. 

co  eo  O'  eo 

N N 

hi  Vi* 

5"“ 

m 

us 

COOOr- 

SO  O 

**— 

CM  hi  hi  hi 

CM  hi 

M hi 

8“ 

Nr-(VO 

o O O O' 


O'  CO  hi  >0 


0 in  Ml  4 

o o o o 


o 4 in  tv 
T“  o o o 


'O  to  eo  >o 


st  m O' 

co  so 


CO  4 4 
CM  t-  CM  CM 
>0  «—'*■—  N 

CM  CM  CM  -*~ 

O s—  vg-  N 
'O  s0  CO  hi 

hi  *—  c—  in 
O CO  SO  sO 
(\J  «r-  <r*  r- 

eo  eo  O'  co 

CO  O O «C~ 
«m  hi  hi  hi 


O CM  CO  CM 


N r—  <t — O 

o o o o 


in  4 o eo 


o*  4 *4  w 

o o o o 


•O  hi  O'  o 


O'  hi  hi  CM 

o o o o 


hi  sr  n in 


st  m O' 
CO  CO  'O 


r-  nj  vO  4 
CM  CM  «-  hi 
'©  «—  N 

CM  CM  CM  r- 

CA  O N 

in  N m N 
hi  r-  V—  in 

o co  eo  so 

IVr-r-r- 

N»  N hi  4 

CO  0 tr-  <r- 

CM  hi  hi  hi 


NAS  A/CR— 2005-2 13213 


611 


REFERENCES 


1.  Salikuddin,  M,  et  al.  "Design  Report  for  Fluid  Shield  Scale  Model  Nozzle  for 
Acoustic  and  Aeromixing  Experiments",  General  Electric  Technical  Information 
Series  Report  no.  R93-AEB-297,  1993. 

2.  Majjigi,  R.  K,  et  al,  "Free  Jet  Feasibility  Study  of  a Thermal  Acoustic  Shield 
Concept  for  AST/VCE  Application  - Single  Stream  Nozzles",  NASA  CR  3758, 
1984. 

3.  Liepmann,  H.W.  and  Roshko,  A.,  "Elements  of  Gas  Dynamics",  Wiley,  New  York, 
1957. 

4.  Zucrow,  M.  J.  and  Hoffman,  J.  D.,  "Gas  Dynamics,  Vol.  I",  Wiley,  New  York,  1976. 

5.  Ben-Dor,  G.,  "Shock  Wave  Reflection  Phenomena",  Springer  - Verlag,  New  York, 
1991. 

6.  Tam,  C.  K.  W.,  "Forward  Flight  Effects  on  Broadband  Shock  Associated  Noise  of 
Supersonic  Jets",  AIAA-89-1088,  1989. 

7.  Maestrello,  L.,  "An  Experimental  Study  on  Porous  Plug  Jet  Noise  Suppressor", 
AIAA-79-0673,  1979. 

8.  Bauer,  A.  B , "Jet  Noise  Suppression  by  Porous  Plug  Nozzles",  AIAA-81-1993, 
1981. 

9.  Kibens,  V.  and  Wlezien,  R.  W.,  "Noise  Reduction  Mechanisms  in  Supersonic  Jets 
with  Porous  Centerbodies",  AIAA  Journal,  1985. 

10.  Das,  I.  S.  and  Dosanjh,  D.  S.,  "Short  Conical  Solid/Perforated  Plug  Nozzle  as 
Supersonic  Jet  Noise  Suppressor",  Journal  of  Sound  and  Vibration,  166,  pp.  391-406, 
1991. 


NAS  A/CR— 2005-2 13213 


613 


11.  Yamamoto,  K.,  Brausch,  J.F.,  Balsa,  T.F,  Janardan,  BA.,  and  Knott,  P.R., 
"Experimental  Investigation  of  Shock-Cell  Noise  Reduction  for  Single  Stream 
Nozzles  in  Simulated  Flight".  NASA  CR  3845,  1984. 

12.  Gliebe,  P.R.,  "Diagnostic  Evaluation  of  Jet  Noise  Suppression  Mechanisms",  J. 
Aircraft,  17  (12),  pp.  837-842,  1980. 

13.  Hoch,  R.  E.,  Duponchel,  J.  P.,  Cocking,  B.  J.,  and  Bryce,  W.  D.,  "Studies  of  the 
Influence  of  Density  on  Jet  Noise",  Journal  of  Sound  and  Vibration,  28  (4),  pp.  649- 
668,  1973. 

14.  Behrens,  et  al,  "High  Velocity  Jet  Noise  Source  Location  and  Predictions  - Task  1 
Supplement  - Certification  of  the  General  Electric  Jet  Noise  Anechoic  Test  Facility", 
GE  Contractor  Report  - FAA-RD-76-79,  la,  1977. 

15.  Mani,  R.,  et  al,  "High  Velocity  Jet  Noise  Source  Location  and  Predictions  - Task  4 - 
Development/Evaluation  of  Techniques  for  'In-Flight'  Investigation",  GE  Contractor 
Report  - FAA-RD-76-79,  IV,  1977. 

16.  Ahuja,  K.  K.,  Tester,  B.  J.,  and  Tanna,  H.  K.,  "The  Free  Jet  as  a Simulator  of 
Forward  Velocity  Effects  on  Jet  Noise".  NASA  CR-3056,  1978. 

17.  Amiet,  R.  K.,  "Correlation  of  Open  Jet  Wind  Tunnel  Measurements  for  Shear  Layer 
Refraction".  AIAA  Paper  No.  75-532,  1975. 

18.  Amiet,  R.  K.,  "Refraction  of  Sound  by  Shear  Layer  Refraction".  AIAA  Paper  No. 
77-54,  1977. 

19.  "Gas  Turbine  Jet  Exhaust  Noise  Prediction".  Prepared  by:  Gas  Turbine  Propulsion 
Subcommittee  of  SAE  Committee  A-21,  Aircraft  Noise,  ARP-876C,  1983. 

20.  Gliebe,  P.  R.,  et  al.,  "High  Velocity  Jet  Noise  Source  Location  and  Reduction".  Final 
Report  Submitted  to  U.  S.  Dept,  of  Transportation,  Report  No.  FAA-RD-76-79, 
Task  in,  Vol.  I,  1978 


NAS  A/CR— 2005-2 13213 


614 


21.  Vogt,  P.  G.,  Bhutiani,  P.  K.,  and  Knott,  P.  R.,  "Free-Jet  Acoustic  Investigation  of 
High  Radius  Ratio  Coannular  Plug  Nozzles”,  GE  Comprehensive  Data  Report, 
Volume  I,  R8 1AEG212,  Contract  NAS3-2061 9,  1981. 

22.  Janardan,  B.  A,  et.  al.,  "Free-Jet  Investigation  of  Mechanically  Suppressed,  High- 
Radius-Ratio  Coannular  Plug  Model  Nozzles",  Comprehensive  Data  Report  for 
NASA-GE  Contract  NAS3 -21 608,  GE  TM  No.  RS1AEG484,  1981. 

23.  Blozy,  J.  T.,  et.  al.,  "Acoustic  and  Aerodynamic  Performance  Investigation  of 
Inverted  Velocity  Profile  Coannular  Plug  Nozzles",  Comprehensive  Data  Report  for 
NASA-GE  Contract  NAS3- 19777,  GE  TMNo.  R79AEG166,  1979. 

24.  Vdoviak,  J.  W.,  Knott,  P.  R.,  and  Ebacker,  J.  J.,  "Aerodynamic/ Acoustic 
Performance  of  YJlOl/Double  Bypass  VCE  with  Coannular  Plug  Nozzle",  Final 
Report  for  NASA-GE  Contract  NAS3-20582,  GE  TMNo.  R80AEG369,  NASA  CR- 
159869, 1981. 

25.  Brausch,  J.  F.,  Motsinger,  R.  E.,  and  Hoerst,  D.  J.,  "Simulated  Flight  Acoustic 
Investigation  of  Treated  Ejector  Effectiveness  on  Advanced  Mechanical  Suppressors 
for  High  Velocity  Jet  Noise  Reduction",  NASA  CR-4019,  1986. 

26.  Powell,  A.,  "On  the  Mechanics  of  Choked  Jet  Noise",  Proc.  Physical  Society,  B,  Vol. 
LXVI,  pp.  1039-1056,  1953. 

27.  Harper-Bourne,  M.  and  Fisher,  M.  J.,  "The  Noise  From  Shock  Waves  in  Supersonic 
Jets",  Noise  Mechanisms,  AGARD-CP-13 1,  pp.  11-1  - 11-13,  1974, 

28.  Brown,  W.  H.,  et  al.,  "Axisymmetric  Mixer/Ejector  Nozzle  (AMEN)  Test  Report", 
GE  Technical  Information  Series,  1993. 

29.  Courant,  R.  and  Friedrichs,  K.O.  "Supersonic  Flow  and  Shock  Waves."  Springer- 
Verlag,  N.Y.,  1976. 

30.  Dosanjh,  D.  S.,  Abdel-Hamid,  A.  N.,  and  Yu,  J.  C.,  "Noise  Reduction  from 
Interacting  Coaxial  Supersonic  Jet  Flows,  in  Basic  Aerodynamic  Noise  Research," 
(ed  : Schwartz,  I.  R),  NASA  SP-207,  pp.  63-101,  1969. 


NAS  A/CR— 2005-2 13213 


615 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 
OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1 hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 

1 . AGENCY  USE  ONLY  ( Leave  blank) 

2.  REPORT  DATE 

February  2005 

3.  REPORT  TYPE  AND  DATES  COVERED 

Final  Contractor  Report 

4.  TITLE  AND  SUBTITLE 

5.  FUNDING  NUMBERS 

Acoustic  and  Aero-Mixing  Experimental  Results  for  Fluid  Shield  Scale 
Model  Nozzles 


6.  AUTHOR(S) 

M.  Salikuddin,  V.G.  Mengle,  H.W.  Shin,  and  R.K.  Majjigi 


WBS-22-7 14-09-46 
NAS3-25951 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

General  Electric  Aircraft  Engines 
One  Neumann  Way 
Cincinnati,  Ohio  45125-1988 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


E- 14721 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

National  Aeronautics  and  Space  Administration 
Washington,  DC  20546-0001 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


NASA  CR— 2005-213213 


11.  SUPPLEMENTARY  NOTES 


This  research  was  originally  published  internally  as  HSR024  in  January  2004.  Responsible  person,  Diane  Chapman, 
Ultra-Efficient  Engine  Technology  Program  Office,  NASA  Glenn  Research  Center,  organization  code  PA, 
216-433-2309. 


12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Unclassified  - Unlimited 

Subject  Categories:  01,  02,  05,  and  07 

Available  electronically  at  http://gltrs.grc.nasa.gov 

This  publication  is  available  from  the  NASA  Center  for  AeroSpace  Information,  301-621-0390. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Maximum  200  words) 

The  principle  objectives  of  this  investigation  are  to  evaluate  the  acoustic  and  aerodynamic  characteristics  of  fluid  shield 
nozzle  concept  and  to  assess  Far  36,  Stage  3 potential  for  fluid  shield  nozzle  with  Flade  Cycle.  Acoustic  data  for  nine 
scale  model  nozzle  configurations  are  obtained.  The  effects  of  simulated  flight  and  geometric  and  aerothermodynamic 
flow  variables  on  the  acoustic  behavior  of  the  fluid  shield  are  determined.  The  acoustic  tests  are  aimed  at  studying  the 
effect  of  (1)  shield  thickness,  (2)  wrap  angle,  (3)  mass  flow  and  velocity  ratios  between  shield  and  core  streams  at 
constant  cycle  specific  thrust  (i.e.,  mixed  velocity),  (4)  porous  plug,  and  (5)  subsonic  shield.  Shadowgraphs  of  six 
nozzle  configurations  are  obtained  to  understand  the  plume  flowfield  features.  Static  pressure  data  on  suppressor 
chutes  in  the  core  stream  (shielded  and  unshielded)  sides  and  on  plug  surface  are  acquired  to  determine  the  impact  of 
fluid  shield  on  base  drag  of  the  36-chute  suppressor  nozzle  and  the  thrust  augmentation  due  to  the  plug,  respectively. 


14.  SUBJECT  TERMS 

High  speed  civil  transport;  Acoustics;  Aerodynamics;  Fluid  shield  nozzle 


15.  NUMBER  OF  PAGES 

623 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


20.  LIMITATION  OF  ABSTRACT 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 
Prescribed  by  ANSI  Std.  Z39-18 
298-102 


